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"Geef mij maar kwark-táárt!" 
- Lonneke Walk 
Chapter 1 
INTRODUCTION 
Since its discovery about 9 years ago, the bottomonium family has become 
one of the most important testing grounds of quantum chromodynamics (QCD). 
Being even less relativistic than charmonium it provides for a promising 
system to study the inter-quark force. In this thesis we will study the X, 
states which are excited states of the T, or the Τ(IS) , the ground state of 
a bound bottom quark and antiquark system. After the T(1S), the x. states are 
the 'smallest' known particles that consist of quarks, making them 
interesting to study in the context of 'perturbative-QCD', the theory that 
describes the short-range behaviour of the force between quarks. 
We performed our experiment at the DORIS-II e+e~ storage ring at DESY. 
In a storage ring we can create а ЬБ meson by matching the total energy in 
the e+e~ collision to the mass of the meson; the latter then directly couples 
to the virtual photon created in the e+e~ annihilation, provided of course 
that the quantum numbers of the meson are identical to those of the photon 
(see Figure 1-la). This process has to compete with other processes (see 
Figures l-lb,c,d). 
The X. states however have positive C-parity (see below) and thus cannot 
be directly produced in such collisions. We therefore first create a bb bound 
state, the T(2S), which indeed has the photon quantum numbers and has a 
higher excitation energy than the X. 
e
+
e"-»T(2S) , (1.1) 
(see Figure l-2a). Usually the T(2S) states thus produced decay into hadrons, 
but in about one out of six cases, they decay radiatively (see Figure l-2b) 
and produce X. states b 
T(2S) -> TXb . (1.2) 
1
 We will adopt the notation T(1S) for T, T(2S) for T', T(3S) for Τ" , etc. 
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α) resonant production 
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b) continuum production 
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с) space-like 
Bhabha 
d) two-photon 
Figure 1-1; Feynman diagrams for the lowest order processes in e+e" 
annihilation. 
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Figure 1-2: Feynman diagrams for the subsequent steps in the cascade 
process e+e"->T(2S). T(2S)+TX., х.*УТ(15), T(1S) -» i+i". 
D D 
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Like the T(2S), most of these X, particles decay into hadrons. Hadronic 
decays of the X. states provide for promising tests of the 
quark-gluon-theory, but unfortunately such decays have a lot of final state 
particles and are therefore hard to analyse by an experiment. On top of that 
it is impossible to separate these hadronic decays from the large background 
of other hadronic processes, like hadronic T(2S) decays or continuum hadron 
production from the creation of light quark pairs in e+e~ annihilation 
(Figure 1-lb). It is possible however to obtain results on hadronic decays in 
an indirect way, namely by using the non-hadronic decay mode of the X. . This 
is a main goal of this thesis. 
The x, can also decay radiatively to the ground state (Figure l-2b) 
X b*TT(lS) . (1.3) 
after which the Τ(IS) decays to hadrons, or to leptons 
T(1S) -»t+Jt" (e +e - or u V ) 1 . (1.4) 
(see Figure l-2c). Again the hadronic decays are impossible to separate from 
background, but the leptonic decay mode (1.4) has only two final state 
particles and this gives an excellent possibility to recognize the reaction. 
We thus look for reactions of the type 
e
+
e" •» T(2S) + Yj^  X, 
U 2 T(1S) (1.5) 
I • -
ι» e e or ц u 
These reactions are called 'cascades', for obvious reasons, and 'exclusive', 
since all final state particles are identified. The experimental search for 
these cascades is the main topic of this thesis. We will compare our results 
to previous cascade results and to predictions from QCD. 
After a review of the discovery of the Τ system and the classification 
of its particles in Section 1.1, we present the outlay of this thesis in 
Section 1.2. 
Of course the leptonic decay to τ +τ~ is also possible but most of the τ 
particles decay very fast into hadrons, so we effectively have 
Τ (IS) •> hadrons. 
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1.1 The Τ Family. 
The first members of the Τ family were discovered in 1977 at Fermilab in 
U*v~ final states from collisions of 400 GeV protons on Beryllium [Herb77]. 
[Innes77]· The dimuon mass pectrum showed evidence for two, and possibly 
three, states centered around 10 GeV. Although (in contrast to the situation 
when the J/* was discovered) there was no compelling reason for the existence 
of yet another quark, the identification of the Τ particles as bound states 
of a new flavour heavy 'bottom' (b) quark was immediate. Soon afterwards, the 
T(1S) and T(2S) were observed fully resolved at DESY as narrow enhancements 
in the hadronic cross section of e+e"-> hadrons [PLUTO78], [DASP78], [LENA78]. 
T-production in the annihilation of e e pairs (see Figure 1-1) offers a much 
cleaner method to study the characteristics of these states and practically 
all information on the T-particles that now is available indeed stems from 
the study of this process. The T(3S) was confirmed in 1979 at the e e~ 
storage ring at Cornell [CLE080a], [CUSB80a] and in this same laboratory the 
T(4S) was discovered about one year later [CLEOSOb], [CUSBSOb]. The latter 
resonance was found to be much broader, which, thanks to the lessons learned 
from the charmonium case, was immediately explained by the state being above 
threshold for decay to two, so-called, 'open-b' mesons, each containing a 
b-quark and a lighter quark (see Figure 1-3). 
f W W W V l 
T(2S) хллл/ ч/ п. 
J v w w w v 
c u 
T(4S) 
- — b 
— d 
— Б 
α) b) 
Figure 1-3: a) Suppressed gluonic decay of the T(2S), resulting in a 
narrow resonance curve, b) Decay of the T(4S) to open-b mesons, 
yielding a much broader resonance curve. 
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In charmonium physics it is well established that the measured positions 
of the energy levels can be accurately described by assuming that they 
correspond to non-relativistic cc bound states. Simple-minded 'potential 
models' for the inter-quark potential, using the Schrödinger equation 
formalism, are very successful in 'predicting' their masses. The 
non-relativistic nature of the bound state grouped, for the first time in 
particle physics, different qq excitations 'close' to each other. 
Since the bottom quark is much heavier than the charmed quark we expect 
bottomonium states to be even less relativistic and therefore the naive 
charmonium theory now to apply even more. 
A fermion and antifermion have opposite intrinsic parities; thus ЬБ is 
an eigenstate of the parity operator with P= (-) , where L is the orbital 
angular momentum. The charge conjugation operation on the ЬБ state yields 
C= (-) L + S, S denoting the total quark spin (S = 0 or 1). Since the T(nS) 
pp 
states couple to the photon they must have J =1 , where J is the total 
angular momentum. From Ρ = 1 we obtain that L must be even. Next, using the 
fact that C = -l, we find S = l . Finally J = l implies L to be either 0 or 2. 
However, the coupling of а ЬБ pair to a photon is proportional to its radial 
wave function at the origin (see Chapter 2), which vanishes for L = 2 . 
Comparing the measurements of the T(nS) masses with the predictions from 
potential models scaled up to ЬБ, confirms the interpretation that the 
observed T(nS) particles are radially excited n^S^ (n=1,2,3,...) ЬБ states1. 
In analogy with the charmonium system we expect also other ЬБ states to 
exist with quantum numbers different from those of the photon. In Figure 1-4 
we show the level diagram expected from potential models up to the T(2S). The 
X. states are 1 Pj (J = 0**,i**,2**) excitations; the first indication of 
their existence was obtained at Cornell in the beginning of 1983 [CUSB83a]. 
The three states were for the first time fully resolved one year later at 
DESY [CBALL85a] in the analysis of the decay T(2S)-»TX¿, Xj* •» hadrons. In 
principle also the nb (11S0, JPC = 0"+) and i>¿ (21S0, JPC = 0"+) can be 
produced through such radiative decays. Note however that the radiation to 
the I)L and TI¿ must be of the magnetic dipole type, which is strongly 
suppressed compared to the electric dipole decay. Therefore large statistics 
will be needed to discover the singlet-S states. Finally, the singlet-P state 
Throughout this thesis we will adopt the usual spectroscopic notation 
η Lj, L = S,P,D,..., where n = n +1 and η is the number of nodes in the 
radial wave function. We will refer to J as 'the spin' of the particle. 
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к 
(П
г+
1) Ljpc 
Figure 1-Ц; Level diagram for ЬБ bound states up to the T(2S). Also 
shown are the electric dipole transitions via the xr states and the 
magnetic dipole transitions to the Лі, and Лі,. 
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1 PC +— 1 Р^ (J =1 ) cannot be produced in radiative decay of the T(2S) because of 
its negative C-parity; note also that its positive P-parity prevents it from 
being produced directly in e+e~ collisions. 
1.2 Outlay Of The Thesis 
In Chapter 2 we discuss the theory of heavy quarkonia. Several potential 
models have been developped over the past 10 years to describe the 
inter-quark potential. Some are based on QCD, others are purely 
phenomenological. Both classes appear to be rather successful. We discuss in 
how far a study of the X. states can contribute in distinguishing between 
these different approaches. In particular we will examine how an accurate 
determination of the level splitting may reveal characteristics of the 
long-range confinement force. The theory of radiative decay is reviewed and 
important implications for our present study are mentioned. Last but not 
least, we elaborate on the QCD theory of hadronic decay of the X. states. 
To detect and analyse the final state ТТЛ+А_ we need a detector that is 
able to identify photons, electrons and muons. Furthermore an accurate energy 
measurement of the photons is an absolute must; after all, the energy of the 
first photon measures the energy level position of the XT. state relative to 
b 
the T(2S). An excellent example of such a device is the Crystal Ball 
detector. This detector was proven to be enormously successful in charmonium 
spectroscopy and has been used in our experiment at DESY. In Chapter 3 we 
describe the features of this detector and the experimental set-up at the 
DORIS-II storage ring. 
Chapter 4 deals with the data processing. During the whole period of 
data taking (from November I982 through Februari 1984) we sampled roughly 
35*10 events and collected them on approximately 1,000 tapes. We discuss the 
calibration procedure and the first pre-selection of T(2S) decays of the type 
(1.5). 
In Chapter 5 the selection of final states, containing two photons as 
well as two electrons or muons, is elaborated on in detail. The cuts that 
lead to a final sample of candidates for processes (1.5) a r e described 
individually and their effect on the data sample is discussed. 
The resulting final event sample is analysed in Chapter 6. We discuss 
the identification of the X. states observed, as well as their masses and 
b 
compare the latter to previous measurements and to predictions of potential 
models. 
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We are interested in how often the T(2S) decays according to processes 
(1.5) compared to other kind of decays, since theory makes firm predictions 
on the branching ratios involved. To deduce these ratios from the observed 
number of events of type (1.5). we need to know the efficiency both of the 
detector and of the software selection procedures for such events. In Chapter 
7 these efficiencies are calculated using Monte Carlo simulation techniques. 
Chapter 8 is devoted to the actual calculation of the branching ratios. 
The signal strength observed by our analysis in fact corresponds to a product 
of branching ratios 
BR[T(2S) •» TX:*] · BR[x¿-> ÏT(IS)] · BR[T(1S) -> 1*Г]. (1.6) 
By correcting the observed number of cascades in each 'J-channel' for the 
overall detection efficiency involved, we obtain the truly produced number of 
type (1.5) events. 
In Chapter 9 we translate the branching ratios obtained into hadronic 
widths for the X, states and compare these widths to lowest and first order 
calculations in QCD. 
Finally, Chapter 10 is reserved for conclusions. 
- 19 -

Chapter 2 
QUARKONIUM SPECTROSCOPY 
Perhaps one of the most revolutionary aspects of the charmonium system 
for particle physics was that the level spacings were small compared to the 
overall mass scale. This immediately suggested a non-relativistic nature for 
the qq binding involved, making it an ideal testing ground for the 
quark-antiquark force. Of course this is expected to be even more true for 
the bottomonium system. In addition, QCD assumes the inter-quark force to be 
flavor independent and this can be checked by comparing the experimental 
results for both quarkonia. 
In this Chapter we discuss some theoretical aspects of quarkonium. One 
has not yet succeeded in deriving an inter-quark potential from first 
principles, and, for the time being, we are stuck with several models (some 
more, others less physical) all of which in fact prove to be surprisingly 
successful in 'explaining' the data. These models are discussed in Section 
2.1. 
The theoretical efforts aimed at including spin dependent effects 
accounting for the observed fine and hyperfine splittings of energy levels in 
quarkonia, are described in Section 2.2. 
The decay of quark-antiquark systems is discussed next. Section 2.3 is 
devoted to the radiative transitions in quarkonium, which of course are of 
great importance to our present study. In the final part of this Chapter, 
Section 2.4, we discuss the direct hadronic decay of heavy quark systems and 
their implications for the reactions studied in this thesis. 
2.1 The qq Potential For Heavy Quarks 
In first approximation we neglect spin-dependent forces and we describe 
the mass spectrum of the non-relativistic qq excitations using a Schrödinger 
equation and a static potential 
Mi = 2 \ * Ei ^2,1* 
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where 
[-¿ Δ • V(r)] Uid·) = Ei и±{г) (2.2) 
Clearly the problem to be faced is the determination of the potential 
V(r). Although some progress has been made in lattice QCD (see for example 
[Kuti83]) such a potential has not yet been derived within the quantum 
chromodynamical framework. 
At present two very successful but at the same time very different 
methods are adopted to approximate V(r). First there is the 'QCD-like' 
approach, which takes into account asymptotic freedom for small inter-quark 
distances as well as the phenomenon of confinement for larger quark 
separations. Depending on the 'sophistication' of the model, increasingly 
complicated functions are used and/or higher order QCD corrections are 
included. The second method uses simple empirical potentials like small power 
polynomials, etc, with a small number of parameters to be fitted to the 
experimental data. 
Other approaches, although sometimes maybe more physically motivated, 
are less successful in explaining the data. Among these are the 'bag model', 
the 'QCD sum rules' approach and models that explicitly correct for coupled 
channels. We will only briefly mention some of these models. 
In this non-relativistic picture there is no room for spin-dependent 
effects. A discussion of the theoretical efforts to include spin-dependent 
potentials as a small perturbation on the non-relativistic calculation will 
be postponed to the next Section. 
(i) QCD-like Potentials 
The idea is to use suggestions from QCD to make educated guesses for the 
shape of the potential. 
The quark-gluon coupling strength is described by the strong coupling 
constant « . The strength of the coupling depends on the momentum transfer q 
and is to lowest order given by 
, 12л 1 
«
s
(q 2) = 27^7 - (2'3) 
s
 33-2nf ln(q
2/A2) 
where n*. is the number of (working) quark flavors and A the QCD scale 
parameter (typically of order few hundred MeV). 
Asymptotic freedom arises from α going to zero for small г (large q ), 
resulting in a domination of one gluon exchange (see Figure 2-la). The latter 
- 22 -
shows up as a familiar static 'Coulomb' field in the prediction from QCD for 
small distances (see e.g. [Арреіу ]) 
Ц « (г) ι 
(г) = for г « -
3 г А 
(2.4) 
The increase of oc with г stems from the increasing role of multi-gluon 
exchange (see Figure 2-lb), resulting in the phenomenon of 'confinement': The 
two quarks cannot be separated. Lattice gauge theory [Wilso75].[Kogut75] and 
the string model suggest a linear increase of the potential 
(г) = кг for г >> (2.5) 
where ic (the 'string tension') is some constant. 
a) 
Figure 2-1: a) One gluon exchange dominates at small r. 
b) Multi-gluon exchange becomes more important for larger r. 
The immediate consequence of the existence of such a confining potential 
is that, in contrast to the situation in a pure Coulomb-like potential, the 
IP states are no longer degenerate with the 2S state; the IP states will be 
situated between the IS and the 2S states. Because of the repulsive 
centrifugal barrier for L = 1 in the Schrödinger equation we have Еір > Ехд· 
Furthermore Martin has proved [Marti77] that E^p < E2g for all confining 
potentials V (r) that satisfy 
- 23 -
d2 
[2г
 с
(г) *r2 — С ] > 0 (all г) , (2.6) 
dr' •- dr 
which is in particular true for potentials V
c
(r) =r n with n>0. 
For intermediate distances QCD does not provide us with good 
suggestions; models that wish to maintain the small and large г behaviour 
given by Equations 2Л and 2.5 simply choose some ad hoc interpolation. 
The simplest of these 'QCD-like' models was proposed by Eichten et al. 
[Eicht75] 
4 «s 
(г) = - - — • кг , (2.7) 
3 г 
where «g is considered to be constant. 
Richardson [Richa79] proposed a more QCD-like approach by taking into 
account the г dependence in «_. He took the Fourier transform V(q) 
1» « (q) 
V(q) = 5— for q » A , (2.8) 
3 q¿ 
and from Equation 2.5 
1 
V(q) = const — for q << A , (2.9) 
q 
and constructed the simple interpolating form 
't 12π 1 1 
V(q) = ? ч—ч- . (2.10) 
3 33-2nf q
2
 ln(l
+
q2/A2) 
The potential V(r) is readily given by 
V(r) = J e"iq'r-V(q) 'd3? . (2.11) 
This potential has only one free parameter (A). For small г it reduces to 
8n 1 1 
V(r) = for г « - , (2.12) 
33-2nf rln(l/rA) A 
i.e. to a softer r-dependence than the simple Coulomb like potential ( - 1/r) 
in Equation 2.7. 
Next, improving on this idea, Buchmüller et al. [Buchm80],[Buchm8la] 
have calculated the first order QCD corrections, thus relating A to some well 
- 24 -
defined QCD scale parameter. 
A similar calculation to first order QCD on the short-range part of the 
potential was performed by Hagiwara et al. [Hagiw83]. These authors added a 
three parameter intermediate potential combined with the standard linear 
long-range part (Equation 2.5). 
One more QCD-like model that we will use in this thesis in comparing 
with experimental results, has been proposed by Gupta et al. [GuptaSl], 
[Gupta83]. These authors put even more emphasis on the perturbative part of 
the quark-antiquark potential and derive it to fourth order; again they 
include non-perturbative effects by adding a linear confining term. 
Comparing experimental results of the known charmonium spectra and the 
available data from the Τ family with the predictions of the QCD-like models 
described above, shows that all these models work remarkably well; level 
predictions deviate from the experimentally known values typically by less 
than 10 MeV or only about 2% of the level spacing (see for a review e.g. 
[Tuts83]). 
In fact, one might feel somewhat uncomfortable about this high accuracy, 
realizing that (spin independent) relativistic corrections, which are of 
T O _ 
order <v /c >* 30% for cc and » 8% for ЬБ [Buchm8la], have not been taken 
into account. Remember however that all models discussed have one or more 
free parameters that are fitted to the data; possibly relativistic effects 
are 'absorbed' in the fit. 
Another possibility would be that cancellations occur with other large 
effects, e.g. with corrections due to 'coupled channels'. These corrections 
were first evaluated by Eichten et al. [Eicht78] and show up in second order 
perturbation theory whenever a light quark loop, emerging as a vacuum 
polarisation effect, couples to heavier quarks (see Figure 2-2). Heikkilä et 
al. have calculated [Heikk84] the mass shifts that occur because of this 
effect to be of order -100 to -200 MeV for cc and around -50 MeV for ЬБ. In 
view of the much higher empirical accuracy of the QCD-like models it is more 
likely that coupled channel corrections, just as relativistic effects, are 
absorbed in the fit. 
A correct treatment of all relativistic effects demands for a deep 
In cases where a degenerate level is split due to spin effects (e.g. like 
the n^p levels) we refer here to the prediction for the center of gravity 
of these states. The accuracy in predicting the actual splittings of these 
states is a different matter (see also the next Section). 
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τ 
τ 
Figure 2-2: Contribution to the mass of а ЬБ state resulting from the 
coupling to intermediate states which consist of a b-quark and a light 
quark. 
understanding of the confinement problem, but one might hope that a first 
order perturbation-theory treatment works. McClary and Byers have applied 
[McCla83] such a method to the model of Eichten et al., while Moxhay and 
Rosner used [Moxha83] the same technique on a slightly modified Richardson 
potential. A similar approach has been used by Gupta et al. [Gupta85a] to 
improve their model for heavy quarkonia. All these authors find their 
predictions for the levels to charge by only small amounts (of the order 5 
MeV and 1 MeV for cc and ЬБ respectively) and into the 'right' direction 
(from the experimental point of view). All 'relativistic' authors however do 
find significant effects of their relativistic treatment on the electric 
dipole transition widths (see Section 2.2). 
A different approach has been used by Bander et al. [Bande8O, who used 
an expansion in multi-quantum intermediate states to formulate a relativistic 
For bB we have (v/c) <0.1 and a first order treatment should make sense. 
In the case of cc, where (v/c) =0.3 - OA, second order effects might be 
more significant. 
In fact McClary and Byers showed that such relativistic corrections are 
absolutely necessary to calculate the rE1[*(2S) ·> TX C] correctly (see 
Section 2.2). 
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two-body equation for quark-antiquark bound states. Using a modified 
Richardson potential they obtain results for charmonium which are somewhat 
less accurate than those obtained by the relativistic treatments mentioned 
before. 
(ii) Empirical Models 
One may wonder if the success of QCD-like models tells us that we start 
to understand QCD. Is it possible to use some other, purely ad-hoc, form for 
V(r) that does as well a job as the approach above? 
Soon after the discovery of the T(1S) and T(2S) and the remarkable 
observation that M[ T ( 2 S ) ] - M [ T ( 1 S ) ] *M[*(2S)] - M[*(1S)], Quigg and Rosner 
showed [Quigg77] that a logarithmic potential of the form 
V(r) = C-ln(r/r0) , (2.13) 
leads to a level spacing independent of the quark mass and is reasonably 
succesfui in reproducing other levels in charmonium. 
Martin has proposed [Marti80] a potential 
V(r) = A + Br a . (2.14) 
with « close to 0.1. This simple (two parameter) potential 'predicts' the 
experimental data with amazing accuracy; it yields all the qq(nS) levels 
below threshold for charmonium and bottomonium within 10 MeV. The prediction 
for the center of gravity for the cc(lP) state is off by about 20 MeV. As 
will be discussed below, the latter indicates that the short-range behaviour 
of this naive empirical model is not correct. The remarkable success of such 
potentials supports flavor independence, at least for the inter-quark 
distances probed here (see below). 
However, the successes of empirical models unrelated to QCD and with a 
very different asymptotic behaviour, clearly temper our excitement about QCD. 
Can we do an experiment to eliminate this embarrassing degeneracy? Is it 
possible that a study of the Τ system, and in particular the X. states, could 
distinguish between these potentials, thus allowing more firm statements 
about the value of QCD? In Figure 2-3 we plot the г dependence of some of the 
potentials discussed here. We also indicate the calculated [BuchmSla] mean 
square radii of some cc and bB states. Clearly empirical models agree with 
QCD-like models for 0.1 fm<r<1.0 fm, which corresponds to the r-range 
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probed by the • and Τ families. Significant differences only occur at much 
smaller interquark distances (r<0.1 fm). Testing this region would be 
provided by observation of the toponium system: E.g. for top quark masses of 
about 20 GeV and ^ O GeV we would have [Buchm8la] Tf<r2> = 0.09 f m and 0.06 f m 
respectively (see also Figure 2-3). 
[MartiSO] 
[Quigg77] 
[Eicht75] 
[BuchmBOl 
0 -
5 -1 
-4 
Figure 2-3: The inter-quark potential V(r) for various models. Also 
indicated are the mean-square radii for some cc and ЬБ bound states. 
The potentials are shifted in order to agree at the T(2S) mass. 
There exists however already a hint that the short-range behaviour of 
the interquark potential is more like the one predicted by perturbative QCD. 
The leptonic width, riJt, of the Τ (IS) is related to the radial wave function 
at the origin. Throughout this thesis we will denote the radial wave function 
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for a nL state by R , (r). We have [VanRo67] to lowest order in α 
rffiW = '4'" IR1S(0)|2 · < 2· 1 5 ) 
where e^ is the charge of the bottom quark (1/3) and α Ξ α . The IS state has 
the smallest size of all qq systems observed (see Figure 2-3), so its wave 
function at the origin should be most sensitive to the short distance part of 
the potential. Buchmüller and Туе showed [Buchm8la] that taking into account 
QCD corrections to Equation 2.15. the experimental value for ^ці^) 
[(1.24±0.05)keV [Tuts83]] is predicted2 correctly by QCD-like models [e.g. 
(1.1110.25) keV [Gupta85b]] and not by other models [e.g. (0.58±0.11) keV 
[Marti8l]]. 
What could a study of the l. states contribute? According to Figure 2-3, 
after the IS, the IP states are the smallest qq systems known. The center of 
gravity (cog) position of the X, states relative to the T(1S) is rather 
sensitive to the potential used: As discussed above, in the case of a pure 
Coulomb potential the И, level is degenerate with the T(2S) level and we have 
M[T(2S)] -M[T(1S)] =M[X£ 0S] -M[T(1S)]. The less singular the potential used. 
the smaller the latter mass difference: The QCD-like model [Gupta85b] 
predicts M[x^og] - M[T(1S)] =441 MeV', while the much less singular empirical 
potential [MartiSl] yields M[x£og] - M[T(1S)] =401 MeV. An accurate 
measurement of this mass difference might shed more light on the question 
whether perturbative QCD indeed controls the small г region. 
2.2 Spin-Dependent Potentials 
To go beyond a prediction for the energy level of the center of gravity 
for spin triplets like the Xr states, potential models have to take into 
D 
account spin-dependent effects. Although it is not possible yet to compute 
the static potential corresponding to QCD, Eichten and Feinberg have shown 
[Eicht8l] that the general structure of the spin-dependent relativistic 
For decay to a τ+τ~ pair one should take into account in Equation 2.15 the 
correction due to the non-zero lepton mass [1 + 2(тд/М
т
) ] • -J[l - Ήπι^/Μ^) ]. 
The errors on the theoretical results have been estimated using the method 
of [Buchm8la]. 
1
 We will frequently omit the term с in the mass units MeV/c and GeV/c . 
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corrections to the qq potential can be analysed within the framework of QCD, 
independent of the static potential. Their result (up to order 1/π£) can, 
after an important correction by Cromes [Grome85], be written as 
V 
3L-S 1 dV
n
 2L-S 1 dV, Ì rlQ 
s p i n
 2m^ r dr m^ г dr 
(2.16) 
1 Г (?·§,)(?·§;,) S T ^ - I S ^ 
41 ? 3 J 2 Зп.2 V3 
where г = г·. -Гр, VQ is the non-relativistic potential, and V^ ρ ч a r e unknown 
potentials corresponding to the spin-orbit, tensor and spin-spin interactions 
respectively. QCD lattice calculations may one day provide us with the 
functions Vj 2 3 · but, for the moment, we again have to adopt a more 
phenomenological approach. 
Writing the spin interaction as a superposition of a short- and a 
long-range part 
V . = V^ . + V^ . (2 17) 
spin spin spin * V»---4/ 
we expect, from the discussion in the previous Section, the short-range 
behaviour of the interaction to be of the vector type. The short-range spin 
correction, д_^
п
, can therefore be obtained from Equation 2.16 using the 
familiar QED result 
v? = o, vl [ ¿ - ¿ : ] ν ο · vi-2 A Vo · (2Л8) 
о 
where V represents the short-range part of the potential V. 
The nature of the long-range part of the interaction is unknown. The 
confining force is believed to be a multi-gluon effect and it not clear 
whether the vector nature is conserved for such processes. In case of an 
effective scalar-exchange we obtain Vg ^ by setting 
vl = - v0· v2.3 = 0 · ( 2 · 1 9 ) 
where now VQ corresponds to the confining long-range part of the static 
potential. 
We can also assume the confining potential to be some linear combination 
of a scalar- and vector-behaving part 
- 30 -
V0 = Vkcal + Vvect · (2-20a) 
with 
V
scal = d-OvJj and V ^ = ςν^ , (2.20b) 
where ς is another adjustable parameter, measuring the amount of 
'vector-confinement'. Now VrJ ^  is obtained by using the vector relation 
(2.18) and the scalar relation (2.19) for respectively the vector and scalar 
part of the long-range confining potential. 
In this way we can express V J as a function of the static potential 
and ς 
L-S 1 d . 3 с 1 ι , 
2
 q 
Buchmüller has shown [Buchm82] that, even using the simplest QCD-like 
potential of Eichten et al. (see previous Section) 
ς Ί "s ι 
v
o - - Τ ·
 v
o =
 Κ Γ
 · (2·22) 
υ
 3 г u 
the splitting of the X
c
 [l-^Pfcc)] states can be reproduced very well using 
(2.21), and setting ζ=0. He naturally concluded that the experimental data 
suggest 'scalar-confinement'. He furthermore demonstrated, using the simple 
reasoning of a semi-classical argument, how scalar-confinement can be 
obtained in an intuitive flux tube picture of electric confinement. At a more 
fundamental level Baacke et al. derived [Baack82] the vector exchange and 
scalar exchange for short and long distances respectively, within the 
framework of the MIT bag model. Recently Gromes made an important 
contribution [Grome85] by showing that this phenomenologically successful 
effective scalar exchange for long distance can be obtained within QCD. 
Henriques et al. had reached the same conclusion earlier [НепгіТб]. 
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From (2.21) we note that in case of scalar confinement the only 
long-range spin effect shows up in the spin-orbit term, i.e. that there are 
no non-perturbative tensor and spin-spin forces in the scalar case . Clearly 
hyperfine splitting, in contrast to the fine splitting, should therefore be 
well calculable within perturbative QCD, and measurements would provide a 
rigorous test both of the theory in general and the scalar-confinement in 
particular. Hyperfine splittings have been measured by the Crystal Ball 
experiment in the cc system between the J/* (l-'Sj) and the π (1 SQ) and 
between the *(2S) ( 2 ^ ) and the л^ ^ S Q ) (see e.g. [Bloom83]). Buchmüller 
et al. have shown [BuchmSlb] that these hyperfine splittings are indeed well 
reproduced within perturbative QCD, where they calculated up to fourth order 
using a short-range potential. Their calculations however do not take into 
account relativistic and higher order radiative corrections. Such corrections 
would be much less important for Τ states. This is one of the reasons why it 
is important to find the riu and n¿ experimentally. 
Clearly both theory and experiment point towards scalar-confinement. In 
the present experiment one of the things which will be measured is the fine 
splitting of the X. states and this will again allow a check on this 
confinement-issue. 
Following Rosner [Rosne83] it is instructive to parametrize the xr. 
b 
masses, Mj, in terms of the con t r ibu t ions of the s p i n - o r b i t and tensor 
couplings r e spec t i ve ly 
Mj Ξ M[X¿] = Mc o g • CLS<XJ|L-S|X¿> + c T < x J | S 1 2 | x J > , (2.23) 
Sl2 5 3
(H>fs2> . M 2
 (2.й) 
•V cog T 4,5 ^ ь ' ^' b v-TN'bl 12 | Ab 
where as usual 
and the parameters 
Also string models indicate no long-range spin-spin effects falling off 
slower than the fifth power of the inter-quark distance [KogutSl]. 
This will be hard to do. The reason is that the already relatively small 
branching ratio for e.g. the (Ml!) radiative decay J/t*Tn
c
 scales like 
(e /m ) (see Section 2.3) and will be of order 10 in the bB system, i.e. 
roughly a factor 100 down compared to the strength of radiative transitions 
from the T(2S) to the X. states. 
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CLS = <x¿l ^-r ^ I l VB + ( 2 ^ - ^ ) & ] |X¿> . (2.25а) 
and 
Cfp 
^ ^ ¿ [ ^ • ¿ l 1 ^ * ^ 1 '^- (2-25b) 
are independent of J. Note that the spin-spin contribution (the final term in 
Equation 2.21) introduces an overall shift of the center of gravity of the Xj: 
states relative to the 1 Pi state', but does not affect the relative 
splittings. Using standard quantum mechanical procedures (see e.g. 
[Messi6l]), and denoting again the wavefunction by the particle name, we have 
L-§ xi = - [J(J+l)-4] xl , (2.26a) 
D 2 D 
and 
x2 for J = 0 , 
D 
312 xb = I +1/2 *£ forJ=l , (2.26b) 
-1/10 xj; + 3/6/10 x£ for J = 2 . 
Thus one immediately obtains 
M2 = "cog + CLS - ¡3 CT ' (2-27a> 
Ml = "cog" CLS + ¡ CT - (2-27b) 
M0 = Mcog - 2cLS - CT · (2-27c) 
Equations 2.27 are interesting since they directly show the relative 
splitting contributions of the spin-orbit and tensor forces. Note that the 
tensor force has a larger effect on the splitting for the Xr" and Xz than for 
2 
the Xr". To compare theoretical predictions for Cic and От. with experiment, we 
write them as functions of the X^ masses 
b 
This is an important motive for trying to locate the η Р^ states both in 
the cc and in the ЬБ system. Again the experimental task is difficult 
however since η P« states cannot be produced via radiative transitions from 
the n^ Sj^  states (C-parity! ). The best experimental approach may well be 
direct production in hadron-hadron collisions [Bugge85]. 
- 33 -
1 
:LS = — (-2M0-3Mi + 5M2) , (2.28а) 
18 
— (-2M0 + 3M1- M 2 ) . (2.28b) 
In addition we also have 
M
cog = ^ ( M 0 +3M 1 + 5M 2) . (2.29) 
A final quantity that is often used in spin-splitting comparisons is the 
ratio 
- 3 
M, - M, ¿CLS ~ 5CT 
Γ Ξ
 jTTTF = я · ( 2 · 3 0 ) 
Ml М0 c L S + |ст 
Parameters like Ciot Cm and г allow us to distinguish the 
spin-treatments in the different potential models which are discussed in this 
thesis. In particular Grotch et al. have shown [GrotcS't] that an accurate 
measurements of c^ o and г could provide a method to discriminate between 
scalar and vector confinement. Starting with the non-relativistic potential 
of Buchmüller et al., they perform a relativistic calculation for both ς=0 
(scalar confinement) and ζ = 1 (vector confinement). For the X, states they 
predict c L S*l4 MeV, c T * 10 MeV and r*0.8 for ς = 0, respectively c L S • 22 
MeV, up* 11 MeV and г * 1.0 for ς = 1. From Equation 2.25a it is clear how this 
increase in Сто comes about: In the case of vector confinement the long-range 
part of the potential in the spin-orbit term changes sign. 
In Chapter 6 we will compare our experimental results for the splitting 
parameters with the predictions from the different approaches of potential 
models. 
2.3 Electromagnetic Transitions 
Electromagnetic transitions between different quarkonium states make 
possible (for the first time) studies of heavy qq states with quantum numbers 
different from that of the photon. Let us for the moment assume that the 
radiative decays involved T(2S)+YX^
>
 X^ + TT(1S) are completely dominated by 
dipole radiation (El). Below we will discuss the validity of this assumption. 
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Denoting the initial and final states by |i> and |f> respectively we have 
rE1[i*Tf] = - α el k3 <f|;|i>2 . (2.31) 
Summing over the three P-state polarizations (шд^-І.О.+І) in the transition 
2S -» IP we obtain 
< lP|r|2S>2 = I22 , (2.32) 
while averaging over the P-state polarizations in the transition IP +IS 
yields 
<lS|r|lP>2 = 1/3 I]2 . (2.33) 
where we define 
I
n
 Ξ J r3.R
nS(r) -Ripir) -dr . (2.34) 
We conclude that 
r T l Ц (2J+1) ρ , ? 
rE1[T(2S) ^  TX¿] = - — — « e2 ^ ι/ . (2.35) 
and 
rEi[*¿+in-(lS)] = - « e2 k3 I 2 . (2.36) 
where kj is the photon energy and where we have taken into account the 
different possible m^ values in the Xr final states. J о 
An interesting property of Equation 2.35 is that, Ip being independent 
of J, a measurement of the branching ratio BR[T(2S) -» fXJ:] and the 
corresponding photon energy kj in fact measures the spin of the Xji. We will 
use this argument in Section 6.2 where we discuss the experimental evidence 
for the spin assignments of the X. states. 
We have assumed pure El-radiation in the cascade reactions. For the 
decays to and from the xP this is true in an absolute way, but for the decays 
1 2 
via the X^ also magnetic quadrupole (M2) radiation and via the X. even 
electric octupole (E3) is possible [Karl76]. Gilman and Karliner however 
already showed [Gilma73], that in the single-quark transition scheme, the 
See for example [GasioyO. 
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transitions ^S^ •» T^Pp and -^ Pp •» T^S« cannot contain an E3 contribution. 
Indeed, for these reactions a photon cannot carry off more than two units of 
angular momentum because one has for these reactions |AL| =1 and (assuming 
single quark transitions) also |AS| S 1. 
An angular correlation analysis of the cascade reactions in the 
charmonium system by the Crystal Ball found [CBALL82] the M2 contribution in 
the transitions via the ^Р^ to be less than 1%. For the ^Pp state however, 
some evidence was found for quadrupole radiation: (2*2)% and (11* §)% for 
the transitions ^Si •* f^p^ and ^P, •> f^S* respectively. Such a relatively large 
contribution is not predicted by theory: Using a simple non-relativistic 
model, we have [Brown76] 
Г
М2 
Г
Е1 
gk Y "12 ( 1 (for J=l) 
Ч Г 9/5 (for ,=2)' < 2- 3 7 ) 
which yields only about 0.5% using the nominal g = 2 (where we calculate the 
ratio for the transition Зр 2 +уЗд^ taking m c=2.0 GeV and k Y=400 MeV). The 
measured contribution of at least a few percent in the case of the ή ^ + T^S^ 
could of course, in principle, be explained by a large anomalous magnetic 
moment of the quark. Another possibility is that relativistic corrections to 
Equation 2.37 are able to eliminate the disagreement. Such corrections are, 
however, expected to be much smaller in the case of bottomonium. In any case, 
according to Equation 2.37. the contribution from magnetic quadrupole 
radiation scales as 1/mJ: and is thus much smaller for ЬБ states. 
Throughout this thesis we will therefore assume the radiative 
transitions in the cascade reactions to be purely El. 
Until recently the radiative widths of the •' were considerably 
overestimated (by about a factor of 3 ! ) by potential model calculations 
using the dipole formula of Equation 2.35· McClary and Byers solved this 
puzzle by pointing out [McCla83] that the radial node in the 2^S^ wave 
function induces a strong cancellation in the overlap integral (Equation 
2.34). This makes the results very sensitive to small changes in the wave 
functions. They showed that, taking into account relativistic corrections, 
the above discrepancy disappears. Note that for the secondary radiative 
transition in the cascade sequence ^Pj -> T^Sj^ this effect is not present 
because of the absence of a radial node in the wave function of the 1 Pj 
states. For such decays, relativistic corrections are calculated to be very 
small. 
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Also of interest are the radiative transitions T(2S) •» Tn¿, T»¿ •» ÏT(1S) ; 
in general, since they reveal important information on the 2 SQ state and in 
particular for the present study, since in principle they contribute a 
background to the cascade channels. 
For the first transition 2^8^ + 2 SQ, which must be purely magnetic 
dipole (Ml), we have 
16 e2 
rM1[T(2S) • Yn¿] = — α - ^ к? Τ . (2.38) 
3 2mb 
where 
T = J г2«Н2эд(г) ·Η 2Ι 8(Γ) -dr =1 . (2.39) 
The Crystal Ball experiment measured [Bloom83] the width r[23s1 ·» T
1So] 
in the charmonium system to be at least a factor of 30 lower than the 
corresponding width of the radiative El decay to the X
c
 states. For the 
bottomonium system, because of the scaling factor l/nu, the magnetic dipole 
width will be even more smaller relative to the El width. There is an 
additional reason why in fact radiative transitions via the n¿ states are not 
important as a background: For the subsequent decay n¿ + TT(lS) [2 Sg+l^SjJ 
we have from Equation 2.31, taking into the account the extra statistical 
factor (2J£.+ 1), 
e2 
Γ
Μΐ[4 + γτ(13>] • 1 6 α Т ^ кт и · (2Ло'> 
2mb 
where now the overlap integral 
U = J r2«R2is(r) 'Rjisir) -dr . (2.41) 
vanishes because the wave functions are orthogonal (n^  * n^.). This results in 
a so-called hindered Ml transition, which is additionally suppressed. 
2.4 Hadronic Widths 
Because of our relatively good understanding of their internal 
structure, heavy quarkonium states constitute a promising testing ground for 
perturbative QCD. In Section 2.2 we noted that perturbative QCD was 
successful in calculating the hyperfine splittings of charmonium, as expected 
because of the absence of long-range spin-spin forces. Also the success of 
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the QCD-like potential models and in particular the fact that the leptonic 
width of the Τ(IS), sensitive to the short-range nature of the qq forces, is 
more successfully predicted by QCD-like models than by any other class of 
models, is encouraging. 
Measurements of the gluonic widths of the Τ family can be directly 
compared to calculations within perturbative QCD. The T(1S), like any spin 1 
particle, cannot decay into two massless vector particles (such as photons or 
gluons), by virtue of the Yang theorem [Yang50]. In lowest order QCD (Ξ 
QCD' ') the T(1S) annihilates into three gluons and we have [Appel75] 
Γ^α&,+Η«) =-^(n2-9) 4 |RnS^0)l
 {2.Ц2) 
1
 81" S «nS 
where α is taken at the mass M
n L of the bound state. Note that this 
annihilation amplitude involves the wave function at the origin (and thus 
probes the perturbative QCD region), just as in the case of the leptonic 
decay mode (Equation 2.15). The ratio 
Г«?) Sine2 «2 · < 2 Л З ) 
is potential model independent. It is thus possible to calculate « from a 
measurement of this ratio. We will return to this matter in Section Э·**· 
For our study of the X. states the gluonic widths of the ^ Pj states are 
of high importance. The even spin states (хг^  and xr) can decay into two 
gluons, while for the Xr the minimum possible number of gluons is three1 
(just as for the T(nS) states). Naively one thus expects the hadronic width 
of the Xj; state to be of order « smaller than the corresponding widths of 
the x£ and xf?. 
D D 
(i) Lowest Order Theory 
Figure 2-4 shows the lowest order QCD diagrams for the annihilation of 
the P-wave states. Barbieri et al. have calculated [Barbi76a,b] their rates 
as 
The fact that the C-parity of the xj; is positive (J = 1++) does not forbid 
the three gluon decay; it only requires the gluons to be antisymmetrically 
coupled in colour. Note however that, since photons are trivially symmetric 
in colour, the ХГ cannot decay into three photons, contrary to e.g. the 
D 
T(2S) or the singlet P-state which have negative C-parity. 
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r < 0 > < n 3 p 0 * h a d r o n s ) = 96 «2 | R n P ( , 0 ) | 2 . 
"nt 
<n\ 7. 512 , | R ; P ( 0 ) | 2 Γ / , m a 1 
Г < 0 ' (пЗр. ^ hadrons) = — «3 ' n P , ^ i n ;, q - , 
1
 9n s м^ U-ä-HaJ 
г(0)
 (n3p + h a d r o n s ) = l·* „2 1^(0) I2 ( 
«i 
(2.44) 
(2.15) 
(2.46) 
where now R ' ^ t 1 " ) = ( d / d r ) R
n L ( r ) . 
J=1 
f V / W W W b 
W W ^ / 
W W W W 
J=1 q 
q 
α) b) 
J=1 
лллллллл. 
члллллл-
> W W V / W b 
J = 0,2 
л* 
> W W \ A / \ / \ * 
c) d) 
Figure 2-4: Representat ive lowest order QCD diagrams for the 
a n n i h i l a t i o n of a Xr s t a t e . 
From Equations 2.44-46 we obta in t h e r a t i o s , independent of the wave 
function (and thus a l s o of p o t e n t i a l model t) , 
r
( 0 ) ( n 3 P 0 - > hadrons) 15 
Γ
( 0>(η 3Ρρ-> hadrons) " 4 (2.47) 
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Г^СпЗр, -»hadrons) 20 Г ^α ι 
ι0\, *
 1
 — «- 1η , » q
 ? . (2.48) 
r^^nJPp + hadrons 9" " t^^]" 
In Equations 2.^ 5 and 2.48 we note the logarithmic term that becomes 
divergent for M
n
p = 2m , and which results from the leading n^P, •» hadrons 
contribution, the gqq diagram (see Figure 2-4b). Such a divergence in the 
leading contribution may signal the breakdown of perturbative QCD, so it is 
perhaps not reasonable to go beyond the qualitative estimate 
Г<
0) (n^-» hadrons) = «д-Г^0)(п3Р0 2-»hadrons) . (2.49) 
In Equations 2.45 and 2.48 one may replace [Barbi80] 
Г
 / , ш
п 1 
In ,
 2
 q
 2 by Indn.R ) « 2.5 . (2.50) Llniq-MnpJ 
taking m,=4.9 GeV and using R = (400 MeV)" for the confinement radius 
[Buchm8la]. 
Using (2.5О) and « =0.2 we thus obtain a quantitative estimate to 
lowest order 
r
(0)(n3P0-»had) : Γ
( 0 )
 (n3P1 •» had) : Г
( 0 )
 ( п ^ •> had) ' = 4 : 1 / 3 : 1 . 
(2.51) 
This result has an immediate and important consequence for our study of 
the XJl states. The signal strength of the individual J-channels in the 
exclusive decay T(2S) •» TXj:, X¿->TT(1S) is measured by the product branching 
ratio BRj Ξ BR[T(2S) -> TXjM · BR[x¿-> TT(1S)]. A larger hadronic width 
Γ(Χ, + hadrons) implies a smaller BR[X, •» TT(1S) ], the latter thus being about 
4 times as large for the XT', respectively 12 times as large for the X?", 
compared to the X°. For the BR[T(2S) -> TX¿] we note from Equation 2.35 that, 
2 1 because of the spin factor (2J+1), this branching ratio is for the xf and Xj; 
respectively 5 and 3 times larger than for the XJ;. 
Combining these two observations we find that for the product branching 
ratios (and again: this is what we intend to measure) we roughly predict 
BR2 : BRj^  : BR0 * 20 : 36 : 1 . (2.52) 
Note that we approximate the ΧΓ total width by the ΧΓ hadronic width. In 
Chapter 9 we will do this more precise; for now we are only interested in 
an estimate. 
- 40 -
We conclude that, compared to the signals in the J = 1,2 channels, QCD 
predicts a much smaller signal in the J=0 channel. 
(ii) First Order Corrections 
One may wonder how important first order QCD corrections to the hadronic 
widths r' ' are. Barbieri et al. have calculated [BarbiSl] the one-loop QCD 
2 О 
corrections for the Xü and the X" states and their results can be summarized b D 
by 
r(1)(X°
 + had) = Γ(0>(χΟ.» had)· [1 + ^ -^-(+2.46-— D)] , (2.53) 0 b
 π 3 
r^^x^had) = г ^ ^ х ^ had) ·[! +^-^(-7.09-—D)] , (2.54) D
 " π 3 
where u is the mass scale and D is an emerging divergent term. In deriving 
Equations 2.53 and 2.54 from the results in [BarbiSl] we have used Equation 
2.50; furthermore we assumed a term, divergent in the limit of zero binding 
energy, resulting from one gluon exchange between the incoming quark-legs, to 
be absorbed in the wave function [Janss85]. 
In renormalizing, D reduces to a finite term whose value depends on what 
renormalization scheme one adopts. In Chapter 9 we will use the MS-scheme 
('modified Minimal Subtraction scheme', see e.g. [Braat8l]) for which one 
finds [Janss85] 
DjjS = ln(mb/u)-l . (2.55) 
Taking the ratio of both widths one notes that this divergence term 
drops out (in first order) thus making the resulting prediction, to first 
order, renormalization scheme independent. Using Equation 2.47 we find 
r
(1)(X°-»hadrons) 15
 r
 «oM, 
m , g ---г- 1 + 9.5-— - (2.56) 
r
u
> x^ + hadrons) 4 η b 
Due to the first order QCD correction the ratio of hadronic widths 
increases from 3.75 to e.g. 6.0 for « g = 0.2. According to the discussion at 
the end of part (i) of this Section, this means that the already relatively 
small strength of the 'exclusive radiative signal' of the Xj; is further 
reduced. 
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Next-to-lowest-order calculations for the xr. have not yet been 
performed. 
In Chapter 9 we will compare the hadronic widths of the xH, derived from 
our experiment, with the QCD predictions given above, both to lowest and 
first order. 
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Chapter 3 
THE CRYSTAL BALL DETECTOR 
The Crystal Ball detector was designed for measuring electromagnetically 
showering particles. In particular the detector has proven to be well suited 
to detect the low energy photons from radiative transitions in the charmonium 
system. Clearly such a detector must be able to identify photons and measure 
their directions and energies with high precision. In this Chapter we explain 
how the Crystal Ball apparatus is constructed to meet these requirements. 
The e+e~ reactions are provided by the DORIS-II storage ring at DESY. In 
Section 3·! we describe the layout of this accelerator and how it produces 
the colliding e +- and e~-beams. 
Compared to other detectors in particle physics, the Crystal Ball 
detector is a 'simple' apparatus and easy to understand. In Section 3·2 we 
discuss the different components and describe their individual functions in 
measuring the particle characteristics. In Section 3·3 we show how the 
information from the different components is used in identifying particles, 
in particular photons, electrons and muons. Finally Sections 3·^ and 3·5 are 
reserved for a description of the data read-out and trigger system 
respectively. 
3.1 DORIS-II 
Originally the Double Ring Storage collider, DORIS, was designed with 
two separate rings, each ring reaching a maximum beam energy of 3·5 GeV. Each 
beam could contain as many as Ί80 bunches thus yielding a high luminosity . 
The luminosity, L, of an accelerator measures how frequent e e~ 
interactions occur. It is given by L= f-n-N ·Ν /A, were f is the revolution 
frequency, N + and N" are the number of e + and e~ particles respectively in 
each bunch, η is the number of bunches in each beam, and A is the 
cross-sectional area of the beams. Usually L is expressed in units of nb~ 
per unit of time (1 nb equals 10DD cm ). 
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In 1978, after the discovery of the Τ family, the concept of DORIS was 
changed in order to reach a maximum beam energy of 5·1 GeV. in this new 
design only one ring was used, and all the available magnets and cooling 
equipment were connected to it; as a consequence the multi-bunch mode had to 
be abandonned and beam currents were limited to 20 mA, resulting in a 
considerable drop in luminosity. 
This improvised set-up soon became unsatisfactory and a new machine 
construction, DORIS-II, was designed both to improve the luminosity and to 
raise the maximum beam energy to the values needed for production of the 
higher mass Τ particles [WilleSl]. DORIS-II became operational in April 1982. 
Numerous changes had been made to the ring ana bending magnets. To decrease 
the cross-sectional area of the beams special strong-focusing quadrupoles, 
so-called шіпі-8 magnets, were mounted at a small distance from the 
interaction point. This upgrade resulted in a maximum beam energy of now 5·6 
GeV and in beam currents of up to 50 шА· 
DORIS-II runs with only one bunch per beam. Each bunch contains 1 to 
3*10 leptons and is approximately gaussianly shaped in space. The bunch 
size in the x- and y-directions (i.e. perpendicular to the beam direction) is 
less than 1 mm, while the bunch length is about 2.5 cm. 
roîsïA 
Li|4
 V^e· 
" Ч ^ ч ^ ^ 
V CRYSTAL 
LilTs BALL 
Figure 3-1: Layout of DORIS-II and its injection system. The electrons 
are produced in Linac I (Lil), while the positrons are produced in 
Linac II (Lili) and accumulated in a pre-storage ring (PIA). As soon as 
a sufficient number of positrons are pre-stored, both electrons and 
positrons are injected into the DESY synchrotron. After the particles 
are accelerated up to the desired beam energy, they are injected into 
the storage ring DORIS-II. 
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The circumference of the ring is 288 m; this leads to one bunch crossing 
every 96O ns. 
In Figure 3~1 we show DORIS-II with its injection system. Two 
interaction regions are available, occupied in the south by the ARGUS 
experiment and in the north by the Crystal Ball set-up. 
In our experiment, averaged over a full day of machine running, typical 
luminosities of 6 ub /s are measured; on days of top-performance this could 
go up to as high as 17 ub /s or I5OO nb per day. 
Due to the so-called Sokolov-Ternov effect [Sokol64] the electrons and 
positrons in the beams become transversely polarized by the emission of 
synchrotron radiation. Initially (at injection) the lepton spins are randomly 
orientated. However, the probability of spin-flip radiation in the magnetic 
field of the bending magnets depends on the initial orientation of the spin, 
being less likely for spins orientated parallel to the magnetic field. Thus a 
polarization is slowly built up transverse to the beam direction. In the 
absence of depolarizing effects a maximum of 92% polarization is obtained in 
the limit t-»·. The beam polarization is built up with a time constant (in s) 
of 
P2R 
τ = 98.7—ξ" . (3.1) 
where ρ is the radius of curvature in the dipole guiding field, R the average 
radius of the ring (both expressed in meters) and Ew the beam energy in GeV. 
At t = τ the expected degree of polarization is already about 80%. For 
DORIS-II we have at E L = 5 GeV, τ*5 minutes and since typical runs take 
about an hour, polarization effects should be clearly noticeable. 
Polarization is important for our study, since the angular distributions 
of the photons in the radiative decays via the X¿ states depend on it. In 
particular, in the case of absence of polarization, the dependence of the 
φ-correlation for the photons on the spin J of the intermediate хУ state 
would be washed out. A high degree of polarization can thus facilitate the 
determination of the spins of the XJ: states from the observed angular 
distributions of the photons. 
Unfortunately several depolarization effects ('resonances') can occur, 
for example due to imperfections In the magnetic fields or to beam-beam 
1
 A so-called 'run' is the time period between two injections, during which 
the data are collected by the detector. 
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forces. The main depolarization resonances occur when the frequency of the 
spin precession (f,,-) is an exact multiple (n) of the orbital frequency 
sp 
(f-
r
h)· and polarization is prevented from building up. Depolarization 
resonances are energy dependent 
f
sp = — " ^ o r b = ^ o r b - (3-2) 
where g =2.00232 is the gyromagnetic moment of the electron and У the Lorenz 
factor; they therefore occur at intervals of AT=2/(g-2) * 862 or 
AEjj = ÄY-me » ЦЩ MeV. Luckily, at DORIS-II the measured polarization at the 
T(2S) is (75 ±5)2 while at the T(1S) and T(3S) strong depolarization 
resonances occur, that nearly completely destroy the polarization. 
The energy dependence of the depolarization resonances can be used to 
measure the energy of polarized beams with high precision; this is done by 
matching the frequency of an external depolarizing transverse field with ί„„. 
ьр 
This 'depolarization method' has been used at DORIS-II to accurately 
determine the mass of the T(2S) [Barbe84]. 
3-2 The Crystal Ball Detector 
The Crystal Ball detector first became operational in 1978 at the SPEAR 
e e~ storage ring in the Stanford Linear Accelerator Center (SLAC), after a 
construction period of about three years. Over the years at SLAC the Crystal 
Ball proved to be an outstanding detector for measuring the rich gamma ray 
spectroscopy resulting from transitions between charmonium states; several 
new particles were discovered and many existing results were either corrected 
or improved considerably (for an overview see [Bloom83]). 
In 1981 it was decided to move the Crystal Ball set-up to the DORIS-II 
e
+
e
_
 storage ring, to undertake a similar physics program for bottomonium. In 
the Summer of I982 the moving and installation program was succesfully 
completed and the Crystal Ball became fully operational. 
In Figure 3-2 we present a schematic overview of the detector at 
DORIS-II. The most important component is a spherical shell of Nal(Tl) 
crystals, used in measuring the direction and energy of the particles. 
Contrary to most other detectors in particle physics, the Crystal Ball is a 
non-magnetic detector; in such a detector charged as well as neutral 
particles travel in straight lines. To 'tag' charged particles, tube chambers 
are installed around the beampipe inside the shell of crystals. To partly 
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cover the lost T% of solid angle, necessary to allow for the beampipe, 
endcaps are installed, again consisting of NaI{Tl) crystals. Note the 
position of the mini-B quadrupoles, mentioned in the previous Section. 
Figure 3~2: Schematic view of the detector at DORIS-II. 
3.2.1 Nal(Tl) And Electromagnetic Showers 
In 1972 it was pointed out by the group of Hofstadter that 
Thallium-doped Sodium Iodide, Nal(Tl), used as a scintillating medium in 
massive spectrometers was very well suited to detect electrons and photons 
and measure their energies with high resolution [Hughe72]. 
Electrons entering a scintillating crystal lose energy by bremsstrahlung 
and by ionizing atoms. High energetic electrons (above 10 MeV) lose most of 
their energy by bremstrahlung, thus producing high energetic photons. The 
latter are subject to photo-electric absorption and Compton scattering for 
energies up to about 10 MeV, but from about 1 MeV onwards the dominant 
process is conversion into an e*e~ pair. In this way more electrons are 
produced and they again radiate more photons etc., exponentially increasing 
the number of particles. Apart from being subject to the same processes as 
the electrons, positrons will also annihilate with other electrons to produce 
two photons. 
The available incident energy, E i , thus becomes shared among an 
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increasing number of particles and a shower of electromagnetic particles 
emerges. When the average energy of the electromagnetic particles has dropped 
below some energy, E , the 'critical energy' (about 17 MeV for Nal), 
ionization loss becomes more important than the process of radiation and pair 
production and the shower production comes to a halt. In a simplified model 
[Rossi52] the shower maximum occurs at l0K(^inc/Ec^ radiation lengths 
(rad.l.) and the maximum number of particles is % /E-. The number of 
particles gradually declines and, if the crystal is long enough, in the end 
all the initial energy of the shower will appear as ionization energy loss. 
The latter consists of free electrons and holes which travel short distances 
before they get captured by an activator center (the Thallium atoms). After 
some time these excited states decay with enunission of light in the visible 
region of the spectrum, which can be recorded by a photomultiplier. 
As a consequence of the nature of the shower process electrons, 
positrons and photons of more than, say, 50 MeV that enter the crystal will 
produce similar showers and will therefore be indistinguishable from the form 
of the showers alone. 
As all particles travel at high speeds, the duration of the whole 
process clearly is given by the decay time of the excited states, which for 
Nal(Tl) is about 250 ns. The great advantage of Nal(Tl) is that the light 
output is large and proportional to the energy loss. 
The longer one constructs a crystal (as measured in rad.l.) the higher 
the fraction of initial energy deposited inside the crystal, and the smaller 
the so-called 'shower leakage'. Long crystals like Nal(Tl) are rather 
difficult and thus costly to produce and in general a compromise must be 
accepted. 
Although scintillators like Nal are well suited for measuring the energy 
of electromagnetically showering particles, their spatial resolution is 
rather low, because of the lateral spread of a shower. Thus if one also wants 
to measure directions with high precision, instead of using one big crystal, 
one uses an array of a large number of small crystals, each of them read out 
by a separate photomultiplier. 
3.2.2 Main Detector 
The main detector consists of a spherical array of 672 Nal(Tl) crystals 
each 16 inches long (I5.7 rad.l.) (see Figure 3-3). Each crystal is wrapped 
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Figure 3~3i The main detector. The Nal(TI) shell is segmented into 
optically separated crystals. Each crystal is viewed by a single 
photomultiplier. Also visible are the tube chambers inside the cavity 
of the shell. 
in paper and aluminium foil to isolate it optically from its neighbours. A 
photomultiplier is attached at the rear-end of each crystal. The Ball is 
divided into two hemispheres. Each hemisphere is surrounded by a steel can 
for support and to protect the extremely hygroscopic Nal against humidity. 
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For extra protection the whole experimental setup is placed in a 'dry-house', 
a larger container in which temperature and humidity are continuously 
controlled. The hemispheres are mechanically isolated and attached to a 
hydraulic system which can move them about two meters apart. The Ball is only 
'closed' during normal running; each time new beams are injected into 
DORIS-II the Ball is opened to protect the crystals against straying 
radiation. This mechanical set-up also allows for easy access to the inner 
detector. In closed position a small 'gap' of about 5 mm remains between the 
two hemispheres; since particles can escape detection through such a gap, 
this feature is important to keep in mind. 
The underlying geometry of the Crystal Ball is that of an icosahedron 
(see Figure З-'*)· The Ball is divided into twenty 'major triangles', that are 
e- beam Major Triangle 
direction Boundary 
Figure 3~^: The geometry and nomenclature of the Crystal Ball. Each 
major triangle corresponds to one of the twenty sides of the 
icosohedron and is itself sub-divided into four minor triangles. Each 
minor triangle consists of nine individual crystals. 
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each divided into four 'minor triangles'. A minor triangle finally is made up 
of nine individual crystals or 'modules'. In fact this division leads to in 
total 720 modules, but 48 crystals are removed, to allow for the beam pipe 
and connections to the inner detector for electronics and gas-flow. This 
reduces the solid angle coverage of the crystals to 93# of ^п sr. The two 
layers of each 30 crystals closest to the beam entrances are called the 
'tunnel regions' and the corresponding crystals 'tunnel crystals'. 
We will present pictures of how events look like in the main detector 
using a Mercator-like projection of the Ball. In Figure 3-5 we show such 
projection (colloquially called a 'flatty') of a Bhabha event. In flatties we 
R U N : 9 3 3 2 E V E N T : І О Ч З З О Я Т Е : І З - О З - З T I M E : І Э Н M E T 
Figure 3-5: Flatty of a Bhabha event e+e~ -> e+e". 
indicate the deposited energy per crystal in MeV; all energies are 
rounded-off to integer values. Note how the energy of the electron and 
positron is spread out over the crystals due to the electromagnetic shower 
mechanism. 
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The small amounts of energy of a few MeV deposited randomly over the 
Ball, not related to the leptons, stem from 'beam-gas' interactions; i.e. 
interactions of the beams with the residual gas in the beampipe. The amount 
of this 'machine background energy' or 'spurious energy' present in an event 
measures the performance of the storage ring, in particular the quality of 
the vacuum in the beampipe (typically about 10~° mbar). We distinguish energy 
depositions of real particles from these spurious energy depositions by the 
fact that the latter are seldom larger than 10 MeV. 
We will use the polar angle θ and azimuthal angle φ to describe the 
direction of particles in the detector, θ is defined as the angle between the 
particle's track and the direction of the positron beam, taken as the 
positive z-axis. φ is defined as the angle between the projection of the 
particle's track in the x-y plane and the positive x-axis, the latter defined 
as lying in the plane of the storage ring and pointing towards its center. 
3.2.3 Inner Detector 
The inner detector consists of 3 cylindrical proportional tube chambers 
used for identifying charged particles. Each chamber consists of two layers 
of aluminium tubes along the beampipe and fully surrounding it, thus covering 
the full 271 in φ (see also Figures 3-I and 3-2). The first and second chamber 
are mounted directly on the beampipe thus covering as much as 98# of 4n sr. 
The third chamber is mounted about 10 cm away from the beampipe (making it 
necessarily shorter) and covers only ySX of the solid angle. Because of their 
larger cilindrical radius the two layers in the third chamber each require 
160 tubes, twice the amount of tubes in each of the four inner layers. Each 
tube has a wall thickness of О.О76 mm and contains a 40u diameter stainless 
steel sense wire with a resistance of 4.5 0/cm; at each end the wire is 
connected to an amplifier, allowing a so-called charge-division readout. The 
gas used to operate the chambers consists of so-called 'Magic Gas' (20?! 
Isobutane, ^Х Methylal, 0.25% Freon and for the remainder Argon); this 
mixture provides for large output pulses, independent of the initial 
ionization by the charged particle. 
In Figure 3-6 we show an event of the type T(2S) •* ТТц ц - as it is seen 
by the tube chambers. The tracks point to muons and photons observed in the 
crystals. This figure clearly shows how charged particles leave a track of 
'hits' in the subsequent layers. Particles are identified as neutral if they 
have no associated track in the layers. Note the presence of hits that do not 
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appear to be correlated to any particle. These so-called 'spurious hits' are 
caused by beam-gas interactions and occur therefore most frequently in the 
layers closest to the beam pipe. 
h HUNT VIEVf SIDE VIEW 
M 
R U N : З І ι EVENT : 1 06ЭЗ O R T E : І Н - І І - 2 
τιι-ε: ічн M E T 
Figure 3-6: An event of the type T(2S) ·• ТТц+ц~ as seen by the tube 
chambers. The solid lines point towards energy patterns in the crystals 
from minimum ionizing particles; the dashed lines point towards 
patterns from electromagnetically showering particles. The indicated 
(positive) x,y and ζ axes are defined in the text. 
A serious problem with the chambers is caused by the dissociation of the 
Magic Gas resulting from exposure to the radiation from the beams. This 
produces organic growth on the sense wires, which requires a lowering of the 
operating voltages. The net effect is a lower efficiency, especially for the 
four inner-most layers; the outer-two layers are less affected as they are 
further away from the beam pipe. 
In June І983 the tubes in the inner four layers were replaced with new 
somewhat thicker tubes. This reduced the number of tubes in the two layers of 
That is, about half-way through the period of data taking on the T(2S) 
resonance. 
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the inner-most chamber from 80 to 6't, and from 80 to 76 in both layers of the 
middle chamber. Also the operating gas was changed from Magic Gas to a 
mixture of Argon and CO2 {20% CO2, 1% Methane and for the remainder Argon) 
which breaks down less easily in a radiation environment. 
3.2.4 Additional Components 
(i) Endcaps 
To increase the solid angle from 33% to 985» of 4n sr, endcaps are 
installed near the beampipe (see Figure 3_1)· Each endcap consist of 20 
hexagonal Nal(Tl) crystals. Because of the space limitations resulting from 
the presence of the mini-B magnets, these crystals have a smaller length 
(5-IO rad.l., depending on position). Furthermore the endcap crystals suffer 
substantially more from radiation than those of the main detector as the 
first are closer to the beam pipe. Because of these effects they cannot be 
used for a reliable energy measurement of the particles detected. In fact the 
endcaps are only used to check if the event under consideration does not have 
particles emitted in the additional (forward-backward) part of the solid 
angle which they subtend. The endcaps can also be used to measure background 
conditions, since they are more easily accessible to energy depositions from 
beam-gas interactions. 
(ii) Time-Of-Flight System 
To identify particles in events from cosmic ray background processes and 
thus do not originate from the interaction, a system of plastic scintillators 
is installed on the roof of the dry-house, covering about 25% of kn sr. The 
position and time of a hit is recorded and compared to the timing information 
obtained from the crystals of the Ball for the corresponding particle. The 
counters are on the average about 3 meters above the interaction point, so 
cosmic particles need about 10 ns to travel from the counter to the center of 
the Ball. The timing resolution achieved was in fact better than 1 ns, thus 
easily allowing the rejection of cosmic particles within the accessed part of 
the solid angle. 
The time-of-flight system was used to obtain a deem sample of 
e e~ -» u ц events; the latter are used to study muon characteristics (see 
Section 3·3)· For the selection of cascade events themselves, the 
time-of-flight system is of no help in reducing the background. 
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(iii) Luminosity Monitors 
To measure the luminosity we use large angle (|соз | < 0.85) Bhabha 
events. These Bhabha events are very well measured in the Ball and they 
appear on top of essentially no background. The luminosity can be calculated 
by dividing the observed number of Bhabha events (corrected for the detection 
efficiency) by the Bhabha cross-section. 
One must however wait until the reduction of the data has been completed 
before one can perform this calculation. To have an immediate measurement of 
the luminosity during a running period (a luminosity measurement 'on-line') 
four monitors are installed symmetrically around the interaction point (see 
Figure 3"1)· Each monitor consists of small aperture scintillation counters 
viewing a scintillator lead-sandwich. The result from this small angle 
luminosity count also serves as a check on the large angle luminosity value, 
determined after the data-reduction (see Section 4.4). Both values agree 
within 5JI>· 
З.З Particle Identification 
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Figure 3-7: Flatty of an event T(2S) •» TTe+e . 
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(i) Photons. Positrons And Electrons 
In Figure 3"7 we show a flatty of an event of the type T(2S) -» TTe e~. 
The typical shower form of electromagnetic particles, discussed in Section 
3.2.І, is clearly visible. Monte Carlo simulations of showers in the Crystal 
Ball as well as studies of Bhabha events show that an incident 
electromagnetic particle deposits practically all its energy inside a group 
of ІЗ neighbouring crystals. The fraction deposited outside these 13 crystals 
is found to be almost independent of energy. In Figure 3 -8 we indicate the 
standard method to construct such a group of 13: Starting with the most 
energized crystal we add the 12 neighbouring crystals that share at least one 
corner-point with the central crystal. From studies of Bhabha events at • and 
Τ energies the shower leakage into the crystals outside the group of ІЗ 
crystals was determined to be about 2.23%· 
Figure 3~8: The pattern of crystals which make up a 'group of 
thirtheen'. The central crystal (the 'bump module') and the three 
neighbouring crystals, which share a boundary with it, form the 'group 
of four'. 
To make quantitative statements about the form of the shower or the 
shower pattern we use the quantities 'El', the energy of the central crystal, 
Ε ν , the energy of the central crystal plus the energy of its three 
neighbours, and 'E13', the total energy of the group of 13 crystals (see 
Figure 3"8)· We can then use the ratios E1/E4 and Ε4/Ε13 as a measure of the 
lateral spread of a shower. 
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In Figure 3-9 we present a scatter plot of Е^/ЕІЗ versus El/E1» for I50 
MeV photons from a Monte Carlo simulation of the shower process. In the 
Crystal Ball inclusive analysis T(2S) •» Ύ + 'any' [CBALL85a], photon showers 
were selected using the pattern cuts 0.45 S Е1/ЕЦ ¿ O.98 and 
0.75S EVEI3SO.98. 
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Figure 3-9: Scatterplot of E4/E13 versus Е1/ЕЦ for I50 MeV Monte Carlo 
photons. The dashed square indicates the cut (Equation 3·3). used to 
identify photons in the selection of cascade events (see Chapter 5)· 
The cut at the high-end of the ratios discriminates showering particles from 
1
 For a detailed discussion of the Monte Carlo simulations, which are used 
throughout this thesis, we refer to Chapter 7· 
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minimum ionizing particles. The latter deposit their energy in only one 
crystal, resulting in both ratios to be very close to 1 (see part (ii) of 
this Section). The cut at the low-end of the ratios is almost transparant to 
electromagnetic showers, but eliminates irregular shower patterns emerging 
from (interacting) hadrons (see part (iii) of this Section). 
Contrary to the inclusive analysis, in our exclusive analysis the 
background of particles that fake electromagnetic showers is very low. It is 
therefore attractive to use 'softer' (more transparant) pattern cuts, which 
increase the signal-to-noise ratio, without picking up much more background. 
In fact, in the photon selection (see Chapter 5) we will use 
O.'tOSEl/E't <0.98 , 
(3-3) 
0.60SE4/E13Í O.99 . 
This pattern cut is chosen because of its high efficiency (9W) in selecting 
photons; the cut is indicated in Figure 3_9 by the dashed square. 
As noted in Section 3-2.1 all 'QED particles' are indistinguishable in 
terms of energy patterns in the crystals, but it is of course easy to 
discriminate photons from charged leptons by checking whether or not an 
associated track is present in the tube chambers. 
(ii) Muons 
For heavy charged particles like muons the energy loss by bremsstrahlung 
is negligible. The mean rate of ionization loss for a particle traversing a 
medium is independent of its mass and is given by the Bethe-Bloch formula 
dE '»πΝ e 4 ζ Γ 2mv2 ,"| 
% - - l n — ρ"" Г . Ο.Ό 
dx mv¿ A l l { l - S ¿ ) J 
where m is the electron mass, ν the particles velocity, Ζ and A correspond to 
the traversed medium, N_ is Avogadro's number, and the traversed distance χ 
a 
_2 is measured in gem . The parameter I is a phenomenological function and 
characterizes the binding of the electrons in the traversed medium. It thus 
represents an effective ionization potential and its approximate magnitude is 
given by 
I * 16-Z 0· 9 eV . (3-5) 
See e.g. the standard text-book of Rossi [Rossi52]. 
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The ionization loss reaches a minimum for Τ * 3 and from Equations 3·^ 
and 3·5 we calculate the minimum ionizing energy in Nal as 
(dE/dx)
min=1.47 MeVcm
2/g , (3.6) 
using Ζ = 32 and A = 75i i.e. the average of the Z- and Α-values of Na and I. 
Using 3.67 g/спН for the density of Nal and 40.6 cm for the length of 
one crystal (see Section 3-2.2), we calculate the total energy deposition of 
a minimum ionizing particle E . as 219 MeV. 
We should take into account the fact that the muons we are searching 
for, come from a decaying T(1S) and have a Τ s50. The relativistic rise in 
Equation З·** is however rather slow and using Ϊ = 50 we obtain 
Е
ц
 = 235 MeV (3.7) 
i.e. the energy deposition in the Ball for the 'a little more than minimum' 
ionizing muons from T(1S) -> u+u~. It is clear from the above that this result 
can only be approximate but it can serve as an estimate for what to expect. 
400 
Figure 3-ІО: The measured energy deposition distribution in the Crystal 
Ball for muons from e e~ •> u u" events at the T(2S) energy. 
1
 Using Equation 3.4 for practical calculations, it is handy to know that 
knU^/mc2 = О.307О MeV cm2/g . 
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Equation 3·^ gives the average energy loss in a medium and in reality 
there will be some fluctuation around this mean. When the incident particle 
traverses the medium, ion pairs are formed (primary ionization). The higher 
energetic electrons formed in these processes (so-called 4-rays) can 
themselves again ionize the medium (secondary ionization). Thus, energy 
fluctuations can occur to much higher values than the mean. The resulting 
distribution (the so-called 'Landau distribution') is asymmetric with a tail 
extending towards high energies (the 'Landau tail'). 
In Figure (3~10) we show the measured energy distribution in the Crystal 
Ball for muons from e e~ -> u*v~ events at the T(2S) energy. The distribution 
is in good agreement with (3.7) and shows the typical Landau form. 
RUN: ЭЧ73 EVENT: ЧЧЧ DRTE: і -оз-вз TIME: ZOH MET 
Figure 3-11: Flatty of an event T(2S) -> TTu+u". 
Not only muons but also hadrons can produce 'minimum' ionizing tracks. 
However hadrons can also interact in the medium and thus deposit more energy. 
In selecting muons we therefore will apply an energy cut 
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160 MeV ¿ Е
ц
 S 300 MeV (3.8) 
which only eliminates 4JÍ of the muons, but cuts out most of the interacting 
hadrons. 
We can discriminate muons from electromagnetically showering particles 
by applying a pattern cut. The minimum ionizing muons in general energize 
only the crystal they traverse, yielding Е1/Е4= Е4/Е13=1. Frequently however 
the muon will be close to one of the edges of a crystal and the ionization 
process will shared by two crystals. This is visible in Figure 3"11 where we 
present an event T(2S) •» TfTu U~. It is therefore more appropriate to use the 
1.0 
rO 
E2/E4 
Figure 3-12: Scatterplot of E4/E13 versus E2/Ek for muons from 
e
+
e~ •> u
+
u~ events at the T(2S) energy. The dashed square indicates the 
cut used to identify muons in the selection of cascade events (see 
Chapter 5)· 
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variable Έ 2 ' , the energy sum of the two most energized crystals. We then 
expect for muons Ε2/ΕΊ= E4/E13=1. In Figure 3-12 we present a scatter plot 
of E4/E13 versus Ε2/ΕΊ for e+e~ * u+u~ events at the T(2S) energy. Notice the 
strong clustering at the expected values. 
About one third of the muons however have Ε2/Ε4< 1 and/or E4/E13<1. 
This results from two effects. First of all, by coincidence, some small 
amount of energy (a few MeV) can be deposited near the muon track by a 
beam-gas interaction (see Section 3·2.2). Secondly, δ-rays of higher energy 
('knock-on' electrons) produced by the muon (see above) can form a (modest) 
electromagnetic shower, resulting in an energy depostion of a few MeV in one 
or two neighbouring crystals. To select muons we will therefore adapt the 
following pattern cut 
Е2/Е4і O.985 . 
(3-9) 
E V E 1 3 £ 0 . 9 8 . 
which is about 37% efficient for muons, but still eliminates practically all 
electromagnetically showering particles and interacting hadrons. 
(iii) Hadrons 
Contrary to electromagnetically showering particles and non-interacting 
minimum ionizing muons, hadrons, when they interact or decay, leave 
irregularly shaped energy patterns in the crystals. It is not possible to 
identify hadrons individually, but the experiment was never designed to be 
able to do so. In the present analysis we are not concerned with hadron 
identification and we will in fact show that the background due to hadrons 
that either fake photons, electrons or muons is very low in our exclusive 
analysis. 
3.*t Data Acquisition 
A pulse from the DORIS-II control room starts the data acquisition of an 
event. This pulse is provided every time the electron and positron bunches 
cross at the interaction point inside the Crystal Ball. As explained in 
Section 3·1. this happens every 96O ns. From this moment on one starts 
processing the signals from the photomultipliers. For each crystal the 
incoming charge is integrated on two capacitors. Two capacitors are used in 
stead of one with dynamical ranges of O-3OO MeV (the 'low' channel) and 
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О-бООО MeV (the 'high' channel) respectively, to make more precise energy 
measurements possible. Keeping in mind the Nal(Tl) decay time of 250 ns (see 
Section 3.2.1) one performs this integration for 300 ns and then checks if a 
physics event has occurred. 
This check is performed by a trigger. This device analyses, in parallel 
with the charge integration, the raw analog signals from the 
photomultipliers, using fast discriminators to check whether the energy 
deposited in the crystals exceeds a pre-fixed value and how these energies 
are distributed over the Ball. In the next Section we describe exactly which 
trigger conditions we use in our search for the cascades. 
If the trigger requirement is not met, all capacitors are cleared and 
set to wait for the next beam crossing, hopefully bringing more luck. If on 
the other hand the trigger 'fires', the capacitors are disconnected from the 
photomultipliers and the signals are put on 'hold'. Subsequently they are 
digitized by a 13 bit ADC and stored in a memory. This memory is read out by 
a PDP 11/55 on-line computer, which controls the complete data acquisition 
process. Also the analog signals from the tube chambers and from the 
time-of-flight system are digitized and recorded. 
It takes about 25 ms to digitize all the signals and store them into 
memory. After this so-called 'dead-time' one reconnects the capacitors to the 
photomultipliers, and waits for a new beam crossing signal. 
The events recorded by the on-line computer are sent via a link to the 
central DESY IBM 308I where they are written to tape. In case of problems 
with this link or the IBM itself, events are temporarily saved on a special 
disk near the on-line computer in the Crystal Ball control room. Depending on 
beam conditions, events are in this way sampled at a rate of 3-IO Hz. 
3.5 Trigger System 
For each of the 80 minor triangles the raw analog signals from the 
photomultipliers of the nine crystals are summed. Next, these 'sum of nine' 
signals are again summed in groups of four, corresponding to the 20 major 
triangles. Finally, a total energy sum is constructed by adding all 80 minor 
triangle energy sums. These 101 energy sums thus obtained are input to the 
trigger logic, which consists of set of fast discriminators that test whether 
or not the input signal is above some pre-fixed threshold. The trigger logic 
used to select cascades consists of three sub-triggers which are combined 
into a logical .OR.: Thus an event is recorded if at least one of the 
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sub-trigger conditions is met. 
(i) A Total Energy Trigger. 
This trigger requires a total energy deposition in the crystals of more 
than I7OO MeV. It is developped to detect hadron events, Bhabha events and 
YYe e~ cascades. It is 100% efficient for electron cascades that have the 
whole final state within the accessible solid angle, because the four 
electromagnetic particles deposit all their energy ( - 10 GeV) in the 
crystals. 
This trigger however will not detect any of the ТТц u~ events. Although 
in these events the photons deposit their whole energy of about 56О MeV in 
the Ball, the muons (together) leave only about 500 MeV in the Ball (see 
Section 3·3). far too little to meet the trigger requirement. 
(il) A Topology Trigger. 
To trigger specifically on the u-cascades a second trigger is installed 
requiring a total energy of only 76О MeV. In addition the energy is required 
to be deposited roughly symmetrically around the interaction point. The 
latter is checked by dividing the Ball in ten different ways in approximate 
hemispheres, using the geometrical sub-division of the Ball into minor 
triangles (see Figure 3"Ό• We thus obtain 20 different hemispheres and for 
each of them the energies of its minor triangles are summed. Each of these 
hemisphere sums is required to exceed I50 MeV. Using a simulation of this 
trigger in software on Monte Carlo events (see Section 7.3). we find it to be 
about 9^% efficient for ц-cascades which survive the software selection 
described in Chapter 5· 
(ili) A 'u-pair' Trigger. 
This trigger is installed to detect e e" •» u ц events which leave only 
35О-6ОО MeV in the crystals. It is also well suited to detect u-cascades; we 
therefore use it as a backup for the topology trigger. It requires a total 
energy of only 220 MeV and in addition two back-to-back or almost 
back-to-back minor triangles, each having an energy of more than 95 MeV. 
Minor triangle A is considered to be 'back-to-back' with respect to minor 
triangle В if A is ΐβο" opposite from B, and 'almost back-to-back' if A is 
neigbouring a minor triangle С that is ISO opposite from B. To decrease the 
rather high acceptance of this trigger to beam-gas events we furthermore 
require the energy sum of the crystals in each tunnel region to be less than 
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ЦО MeV. 
With the inclusion of this trigger, the detecting efficiency for 
ц-cascades is raised to almost 99%· 
In this Section we only discussed the so-called 'cascade triggers'. 
Apart from these three, about ten additional triggers are used in the Crystal 
Ball experiment, both as backup and for special channels (like two-photon 
physics). Using all these extra triggers raises the detecting efficiency even 
more; the signal gain is, however, marginal. To calculate branching ratios 
later on, we will have to simulate all trigger conditions used, and in order 
not to complicate this simulation unduly, we will add a cut in our selection 
procedure, which only keeps events triggered by (at least) one of the cascade 
triggers (see Section 5.2.l\). Effectively we thus only use the three triggers 
described above. 
For background studies we installed a special trigger which fires on 
random beam crossings, just to check how 'empty' the detector is if no event 
conditions whatsoever are set. This trigger will be discussed in detail in 
Section 5·1.1. 
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Chapter 4 
DATA PROCESSING 
In the previous Chapter we discussed how for each event the analog 
signals from the detector are digitized and written onto tape. In this 
Chapter we describe how these raw signals are translated into separate 
particles, their energies and their directions. 
The first part of this process is the calibration of the crystal signals 
('Volts •» MeV'), which is discussed in Section 4.1. 
Next, in Section 4.2, we describe the actual 'production' of an event, 
which consists of sorting out the observed energy patterns in the crystals 
and relating them to different particles. For each particle the tube chambers 
are checked whether an associated track is observed. Thus events are 
'produced' and again written onto tape to be used as input for subsequent 
software selections which search for particular event types. 
In this process not all of the approximately 35·10 recorded triggers 
are retained. A large part of these triggers does not correspond to e e~ 
interactions but consists of beam-gas interactions or cosmic-ray events which 
accidentally passed the trigger conditions. To reduce the enormous amount of 
data ( - 1000 625O bpi tapes) to a manageable sample, a pre-selection is 
applied to the data at 'production' time. This pre-selection consists of 
several sub-selections each searching for a different channel (hadron events, 
Bhabha events, cascades etc.). Such a sub-selection uses very loose cuts 
compared to the final selection for a particular final state of particles and 
no interesting physics is eliminated. In Section 4.3 we briefly discuss the 
cascade pre-selection. 
Section 4.4 summarizes the different data-samples we have collected and 
which are relevant to our study. 
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Ц.1 Nal(Tl) Calibration 
(i) Main Calibration 
One of the great advantages of Nal(Tl) is that the pulse heights 
obtained from a photomultiplier are linearly proportional to the deposited 
energy. For each crystal, i, the pulse height is stored in a high channel 
count, C ^ , covering the energy range 0-6000 MeV, and a low channel count, 
^il· covering the range 0-300 MeV (see Section З·^)· The count in the 
digitized signal of the low channel is used to calculate the deposited 
energy, E¿, except for those cases in which the low channel overflows 
(deposited energy à 3OO MeV). Thus 
Ei = Si"(Cil"Pil) f o r С
п
атах , 
(4.1) 
E i = S^I^-ÍC^-P^) otherwise , 
where S· (the low channel slope), RJ (the ratio of the slopes of the high and 
low channels), P^ n and PJU (the pedestals or the zero-offsets of the low and 
high channels respectively) are constants to be determined. 
After every period of two weeks the calibration constants are 
re-determined using the (roughly 100,000) Bhabha events that have been 
collected during this period of time. The pedestals Pi·, and P^u are obtained 
by averaging the counts in each channel for all events in which no energy is 
deposited in crystal i. The ratio R. is calculated from a straight-line fit 
to a scatterplot of (CJ-, "Ρνι) versus (^¿и-Р^и) using all events for which 
C ^ α max, and thus the deposited energy falls both in the low and high energy 
range. The fitted line is constrained to pass through (0,0) and RJ is of 
course given by the slope of this line. The slopes SJ finally are calculated 
by constraining the peak of the energy distribution of the showers in Bhabha 
events to the beam energy. 
We refer to Appendix A for a discussion of the form of the energy 
distribution and the obtained energy resolution. 
(ii) Final Correction 
In Equation Ί.1 we assume a linear relation between the measured pulse 
height and the energy deposition in the crystals over the full range 
O-5OOO MeV, and as discussed above, the actual calibration is performed at 
the high energy end using Bhabha events. To measure the radiative transitions 
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T(2S) -> TX, accurately however, the precision of the energy measurements in 
the region 100-200 MeV is the important factor. The question of linearity 
therefore deserves some extra attention. 
Studies of the T(2S) -> n0n0T(lS), π 0π 0 + TTTT decay channel, using the 
above calibration technique, show [Gelph85] that the π mass, as well as the 
mass difference ΔΜ Ξ Mpo - Mjo systematically come out about 5% below the 
established values. This indicates that for the energy region 50 - 300 MeV 
(which corresponds to the photon energy range in the above channel) the 
linearity assumption is off by 5%· We therefore correct the crystal energies 
using 
E 9 = 3 ^ - , (4.2) 
l + elnfEf/Ej,) 
where E^ is the energy from (4.1), E? is the corrected energy, E? is the 
total energy of the shower to which the crystal belongs, and Ej^  is the beam 
energy. Note that the correction is zero at the Bhabha energy. This 
correction is found [Gelph85] to work well for photons in the above energy 
region using α = 0.0137· The latter value is derived from a fit of (4.2) to 
the photon energies which makes both the n mass and AM agree with their 
nominal values. The total systematic error for photon energies in the range 
100-200 MeV is estimated to be ±0.5 MeV. 
The reason for this non-linearity is unknown. Possibly there is some 
mechanism within the crystals such that the amount of light collected by the 
photomultiplier decreases as the average distance of the energy depositions 
to the photomultiplier increases. In Section 3·2.1 it was noted that the 
position of the shower maximum occurs at log(E. /E ) rad.l., i.e. at about 
8.2 rad.l. for E i =5000 MeV while it occurs only at about 2.6 rad.l. for 
E i n c = 1 0 0 MeV. 
4.2 Off-line Production 
The 'production' of an event consists of four separate steps: 
(i) Separation Of Particles 
From the previous Chapter we know that different patterns of energized 
crystals correspond to different particles. Photons, electrons and positrons 
leave relatively broad showers in the Ball and spread over about 13 crystals. 
Minimum ionizing particles on the other hand only energize one or two 
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crystals, while hadrons usually deposit their energy according to irregular 
patterns. Thus in general each pattern of energized crystals represents a 
specific particle. 
Unfortunately life is not this simple. Imagine for instance two 
particles so close to each other that they will enter the same crystal: Their 
showers will 'merge' and it will look as if only one particle is present. 
Also two particles close to each other can have partly overlapping showers, 
thus creating an overlap region in which it is difficult to determine what 
amount of crystal energy was deposited by which particle. 
We define a 'connected region' by a maximal group of contiguous 
crystals, each having â 10 MeV. Two crystals are said to be contiguous if 
they share at least one corner-point. We thus first find all connected 
regions and label them. 
In general each connected region will represent one particle. If two 
particles are close their showers will overlap. Sometimes this will result in 
one connected region with two local energy maxima. Fluctuations within one 
shower can however also result in local maxima, so the identification with a 
separate particle is not always justified. From studies of previous Crystal 
Ball data at SPEAR (see Section 3-2) algorithms were developed to search 
through a connected region for so-called energy hot-spots or 'bumps': 
a) First find the crystal in the connected region that contains the largest 
energy deposition. Label this crystal as the first bump crystal. 
b) Label the three crystals that are closest to the bump crystal as being 
associated with the bump crystal. Sum the energy of these four crystals 
and call it E4. 
c) Now check each remaining unlabeled crystal, j, in the connected region and 
also label the crystal as associated with the bump crystal if either 
E. < EV0.72-exp[-9.i»(l-cos9,)] and 15° < ^ < k5° , 
or (4.3) 
«j < 15' . 
where - is the angle between crystal j and the bump crystal. 
d) If any unlabeled crystals are left in the connected region, find the one 
with the largest energy deposition and call this the next bump crystal. 
e) Repeat the steps b) to d) until all bump crystals are found; each bump is 
assumed to correspond to a separate particle. 
In our search for exclusive events we will only accept events with 
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connected regions that contain exactly one bump. This is necessary to be 
assured of accurate energy and direction measurements. Due to shower 
overlaps, the latter is not possible if more than one bump exists in one and 
the seme connected region. 
(ii) Energy Determination 
We are only concerned with the energy measurement of particles that have 
deposited their energy in a connected region which contains only one bump 
(see above). 
First we sum the energy of the bump crystal and the energy of its twelve 
neighbours (see Figure 3~9) and call this energy EI3. For minimum ionizing 
particles, which deposit their energy in only a few crystals, ЕІЗ clearly 
represents the total deposited energy. For electromagnetic particles however 
we apply two corrections. First, as we already noted (see Section 3-3), 
independent of the energy of the shower, a fraction of about 2.25% of the 
total deposited energy leaks outside the group of 13 crystals. Second, the 
deposited energy depends on the exact place where the particle enters a 
crystal: Particles entering a crystal close to its edge loose a larger 
fraction of their energy in th© paper and aluminium wrappings, present in 
between the crystals (see Section 3.2.2), than particles entering at the 
center of a crystal. We can measure this entering position at the crystal 
using EI/EI3, where El is the energy deposited in the bump crystal. If a 
particle enters at the center of the bump crystal, typically 755! of its 
energy is deposited in this crystal. If it is close to an edge this large 
'forward energy' is shared among two crystals and typically only about 'tOj! of 
the total energy is stored in the bump crystal. Using Bhabha events this 
position energy loss has been studied in detail [Lee85] and the position 
correction was found to be an approximately linear function of ЕІ/ЕІЗ, 
decreasing from about 5% for El/E13 = 0.i4 to about 0% for El/E13i0.9. The 
energy of showering particles, E13
s
, is therefore obtained from 
E13 g = E13-1.0225-PC(E1/E13) , (4.4) 
where PC is the position correction function. 
Of course also other than electromagnetic particles suffer from the 
position energy loss. Nevertheless for these particles we do not bother to 
correct the deposited energy for the above effect, since an accurate energy 
measurement is not necessary and a real particle energy calculation from the 
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deposited energy not possible anyhow. 
To conclude, for the energy of photons, electrons and positrons we 
always use E13
s
, while for particles identified otherwise we always take the 
uncorrected ЕІЗ energy. 
(iii) Direction Measurement 
In first approximation the direction of a particle is given by the 
center of the bump crystal. For minimum ionizing particles, which deposit 
their energy in only one crystal, this is obviously the best estimate we can 
give. If also at least one of the three neighbouring crystals is energized, 
we can in principle use the fractional energy depositions in these crystals 
to improve this estimate for the initial direction of the particle. In 
particular if a muon deposits a small part of its energy in other crystals, 
its initial direction can be estimated from the different centers of the 
energized crystals, weighted by the corresponding fractional energies. A 
study of e e" -» ц ц~ events has shown however that the resolution in θ and φ 
does not improve using this method, probably because usually only very small 
fractions of the energy are deposited outside the bump crystal. We therefore 
identify the direction of muon with the direction of the center of its bump 
crystal. The angular resolution for muons is thus limited by the segmentation 
of the Ball (see also Appendix B). 
For electromagnetically showering particles the situation is very 
different, since a large part of the shower is deposited outside the bump 
crystal. First we divide the bump crystal into 16 imaginary sub-crystals of 
equal size. The fractional energy deposition in the other crystals of the 
connected region will depend on which of the l6 sub-crystals is entered by 
the particle. Studying Monte Carlo data a set of 'shower functions', 
f=f(c,b,s), is determined [Bulos80] which specify the fraction of energy 
that is deposited in crystal 'c', by an electromagnetic particle entering 
sub-crystal 's', of bump crystal 'b'. For a connected region that contains a 
shower we compare the measured energy deposition in each crystal with the 
prediction from the corresponding shower function f, assuming a specific 
sub-crystal. The direction of the particle then is given by the center of the 
sub-crystal that minimizes the sum of differences between the prediction and 
measurement for each crystal in the region. Note that because of this method 
also the direction measurement for showering particles is quantized. 
There is another important factor that we should note now. The 
directions of particles are always identified with the direction to the 
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(sub-)crystal that is entered by the particle. In this we assume that the 
particles come from the origin x = y = z = 0. In reality of course there is some 
vertex distribution because of the finite size of the bunches (see Section 
3.1). As we do not measure the vertex, this results in a poorer resolution 
than would be possible to obtain by the above method itself. We refer to 
Appendix В for a detailed discussion. 
(iv) Charged Tracking 
The final step in the 'production' of an event is to check for each 
particle whether an associated charged track is found In the tube chambers. 
This is done by searching through all the layers for hits that occurred at 
about the same θ and φ as determined for the particle from the crystal 
information (see above). In Figure 3~7 we showed a map of the set of hits 
recorded in the tube chambers for a particular event. The solid and dashed 
lines point to energy patterns in the crystals. Clearly two of these tracks 
(the solid lines) have an associated charged track. 
To decide whether hits are associated with a particle one calculates a 
2 
X -probability from the difference in φ and θ of each hit and the measured Φ 
and θ of the particle as measured by the crystals. Hits recorded in layers 
located further from the beam pipe obtain a higher weight in this 
calculation, since these layers suffer less from spurious hits (see Section 
3.2.3). When this calculated probability exceeds some pre-fixed value 
(obtained from studies of Bhabha events) the particle is labeled 'charged'; 
otherwise we label the particle as 'neutral'. We refer to Section 7·3 for a 
discussion on the efficiency of the tube chambers using the above method in 
labeling charged particles as 'charged' and neutral particles as 'neutral'. 
The number of tubes is not large enough, and the quality of the chambers 
not high enough, to obtain a better direction measurement for a charged track 
from the associated hits, than can be calculated from the energy deposition 
in the crystals (see above). For the same reason the angular resolution in 
the chambers is not high enough to calculate the z-vertex of an event. The 
latter is assumed to be zero for all events (see also Appendix B). 
4.3 Pre-selection Of Cascade Events 
After having translated the raw signals from the detector into 
'produced' events containing individual particles, one can start to search 
for cascade events 
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e
+
e -> T(2S) -> Tj^  X. 
L T 2 T ( 1 S ) (1.5) 
1 • -
ц e e or ц ц 
In words, we have to find events with a final state containing two neutral 
showering particles and either two charged showering particles (the 
'e-cascades') or two charged minimum ionizing particles (the 'ц-cascades'). 
In Chapter 5 we will discuss a set of cuts developed to select the 
cascade final state from the recorded data. To save time and to reduce the 
large amount of recorded triggers, already at 'production' time a 
pre-selection for cascades is performed. This pre-selection must on the one 
hand preserve all cascade events but on the other hand reduce the large 
amount of available data to a manageable sample. We will not enter into the 
details of the cuts used in the pre-selection since they are 'softer' than 
the final cuts and the latter are discussed extensively in the next Chapter. 
We just mention the two pre-selection cuts which are most efficient in 
eliminating events, which are defenitely not (identifiable as) cascades: 
a) Elimination of all events that have either less than four or more than 
seven particles in the final state. 
b) Elimination of all events for which 
either E t o t < 600 MeV or 1300 MeV< E t o t<8000 MeV , (4.6) 
where E t o t is the total energy deposited in the crystals. 
The second cut (b) is transparant to YTfe e~ cascades since the total energy 
deposited in the crystals for a final state TTe e must be close to the 
center of mass energy (all four particles yield electromagnetic showers). It 
also does not eliminate ТТц+ц~ cascades since for the latter we expect about 
56О MeV in total for the photons (i.e. about the mass difference "pc-Mie, 
while the muons, being minimum ionizing particles, deposite in total 400-600 
MeV. For a full description of the cascade pre-selection we refer to 
[Gaise83]. 
The cascade pre-selection reduces the full data sample of approximately 
35·106 triggers to 90733 events. 
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k.h Data Samples 
The data sample on the T(2S) resonance (E
cm
= 10023 MeV) was collected in 
the period from November 1982 through Februari 198^. It corresponds to an 
integrated luminosity of 63.09 pb , as calculated from the about 1.5*10 
large-angle Bhabha events detected during this same period. 
To calculate branching ratios for T(2S) decay channels observed in this 
sample, we need to know N [T(2S)], the total number of produced resonance 
decays T(2S) -» 'any'. To obtain this number we first calculate the number of 
hadronic events in this on-resonance sample, NJJJJ , using a selection program 
optimized to select such events practically without any background [Nerns85]. 
We find 
Nhad = з 5 2 0 б 9 t (/,#7) 
Not all of these hadronic events correspond to T(2S) decay, and we expect a 
large contribution from continuum hadron production (see Figure 1-1). To get 
the number of observed hadronic events purely from resonance decay, Npfct we 
have to subtract the contribution from continuum hadron production 
N ™ = N ^ d - N^d . (ί,.8) 
res on con
 v
 ' 
To estimate this non-resonant hadron production, a smaller amount of data 
(4.60 pb" , corresponding to about IO-5 Bhabha events) was taken off-resonance 
(E
cm
 = 998Ο MeV), i.e. just below the T(2S). In this sample we find 
N |f =13l4l. Next we calculate the continuum contribution in the on-resonance 
sample by scaling the above result proportional to the rates of the 
luminosities on- and off-resonance. From the definition of luminosity, L, we 
have N = L-a, where N is the number of events of a certain type and σ the 
corresponding cross-sectic 
hadron production, we have 
_2 on. Using the well-known σ "" E f o r continuum 
L r E
o f f l 2 
Nhad = Nhad . _on_ .
 L
 ™
 J
 іц Q) 
"con "off , Γρθηι2 · ^ 4 · ^ ' L
off lbcmJ 
We thus obtain Ν £ ^ = 1 7 9 · 1 Ο 3 and, using (4.7-8), the total number of hadronic 
events resulting from T(2S) resonance decay 
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NÎ:^ = 173-103 . (4.10) 
res 
Finally, we can derive N [T(2S)] from 
Nhad 
res Nres[T(2S)] = - S S f (4.11) 
eres 
where ε is the efficiency of the hadron selection code to select resonance 
decays T(2S) -» 'any' . This efficiency was evaluated using a Monte Carlo 
method. All decay channels of the T(2S) were simulated using the known 
branching ratios and cross sections . We obtain [Nerns85] 
c
r e s
 = 0.86 ±0.07 . (1.12) 
Note that this value represents both an inefficiency due to the 
selection-cuts used, and an inefficiency caused by the restriction of the 
selection to T(2S) final states containing hadrons; the leptonic decay modes 
account for about 6%, so in fact the purely hadronic efficiency is about 922. 
The error reflects the uncertainties in modelling the detector and the T(2S) 
decays. We thus calculate 
N
res
[T(2S)] = (2011 16)-IO3, (4.13) 
where the error is completely dominated by the uncertainty in ε . 
Apart from data on (and just below) the T(2S) resonance, data were also 
taken on the Τ(IS) resonance, mainly for background purposes (see Section 
8.4). About 10 pb of this data were taken in between T(2S) runs and another 
20 pb were taken in August and September 1984. 
The gluonic decays were simulated using the 'Lund-code' [Ander83]. 
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Chapter 5 
SELECTION OF CASCADE EVENTS 
In this Chapter we describe the cuts that lead to the final sample of 
cascade events. The pre-selection at 'production' time left us with 90733 
events, which we now will subject to further selections to obtain the final 
sample of candidates for the cascade reactions T(2S) •> YlC, X^-»TT(1S), 
b D 
T(1S) + A i~ (e+e~ or u+u~) . Cascades in the electron channel will deposit a 
total energy around 10000 MeV, while in the muon channel we expect events to 
deposit an energy of 900-1200 MeV. This fact was already used in the 
pre-selection, where we only accepted events with a total energy greater than 
8000 MeV (which we will call 'e-events') or events with total energy in 
between 600 MeV and I3OO MeV ('u-events'). Each cut is described in detail 
below. At the end of this Chapter, in Table 5-1. we summarize the effect of 
all the individual cuts. 
5-1 Topology Cuts 
We search for events, taken on the T(2S) resonance, with two photons and 
two (almost) back-to-back electrons or muons in the final state. A clean 
energy measurement is required for each particle. 
S.I.I Four Final State Particles 
The cascade events T(2S) + TXb •» TTT(IS) -> ΤΓΤ1
+1" have four particles in 
the final state: two photons and two leptons (two electrons or two muons). 
Before cutting on the number of particles, we have to reconsider carefully 
what we call a particle. As defined in Section 4.2 a particle is a cluster of 
As already discussed in Chapter 1, in this analysis we 'tag' the T(1S) in 
cascade decays by its 'clean' decay into е е or u u . In Appendix С we 
report on the experimental search for the channel T(2S) + Tfx^ , IC·» YT(1S), 
T(1S) ->τ+τ". 
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crystals, which either forms a separate connected region or belongs to a 
separate bump in a connected region that has two bumps or more. From the 
definition of a connected region a particle must deposit at least 10 MeV in 
the cluster. A cut on the number of particles causes both losses of events 
and spurious events: 
a) If one of the photons is close to a lepton or if both photons are close to 
each other, their energy deposition patterns are merged and only one 
particle is detected. 
b) The crystals do not cover the full solid angle. A particle may escape 
either through the gaps which allow for the Ьеашріре and the connections 
to the inner detector, or through the small gap in between both 
hemispheres (see also Section 3.2). 
c) Beam-gas interactions cause small energy depositions in the crystals, not 
related to the final state particles of a triggered e e~ reaction (see 
Section 3·2). In some cases, among these spurious energy depositions, 
there is a cluster of more than 10 MeV, causing an extra, spurious, 
particle in the event. Since these effects are largest close to the 
beampipe we expect most of the spurious energy and extra particles to be 
in the endcaps. 
To study the effect from beam-gas interactions, we installed a trigger 
that fires every 10' beam crossings with no additional condition whatsoever. 
This trigger produces 'events' (so-called DORIS Bunch Marker events or DBM 
events) that provide us with information on what 'is going on' in the 
crystals independent from the energy depositions due to 'real' particles from 
a triggered event. We use DBM events to simulate the machine background in 
Monte Carlo events (see Section 7·1.3. where also a flatty of a typical DBM 
event is shown). 
From a study of all the DBM triggers sampled, we find that in 19% of all 
events the energy depositions from beam-gas interactions caused the 
identification of at least one particle. In about 8% of the events at least 
two particles are found. If we exclude the endcap crystals, the percentages 
of events that have at least one respectively at least two particles are 9% 
and 4Χ, indicating that the crystals in the main detector are only about half 
as sensitive to spurious particles. More than half of the spurious particles 
found in the main detector are detected in the tunnel crystals, which are 
located closest to the beam pipe. In order not to lose to much detection 
efficiency, we do not involve the endcaps in our particle count. 
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d) There is a second way in which an event can acquire extra particles. An 
extreme fluctuation in the formation of a shower of a high energy electron 
or photon can cause a small part of the shower to 'split off' in a 
direction, which is noticably different from the direction of the main 
shower. In the crystal energy pattern an extra (low energy) particle shows 
up close to the parent particle. 
Figures 5"la,b show distributions for 'split-offs' from 5000 MeV 
electron showers, which are simulated by means of the Monte Carlo technique; 
in Figure 5-la we plot Θ, the opening angle between the direction of a 
split-off and its 'parent-shower', while in Figure 5"lb the distribution for 
the energy, E, of the split-offs is presented. In total 10,000 events were 
generated each containing one shower; in each event all particles are plotted 
which are seen separated from the main shower. Note the cut-offs at the low 
end both for the energy and for the opening angle; they result from the 
algorithm we use to identify particles (see Section 4.2). From the 
distributions in Figures 5"la,b we define a split-off as a particle with an 
energy less than 50 MeV and соз і0.85, θ being the opening angle between the 
particle and a second, high energy particle (E i. 3000 MeV). Monte Carlo 
studies show that for e-cascades in "}% of the events we can expect one or 
more split-offs. An example of an event with a split-off is seen in Figure 
5-2, which shows a flatty of an e-cascade candidate. 
In conclusion we require exactly four particles, not counting split-offs 
or particles found in the endcaps. 
5.1.2 No Tunnel Particles 
For a particle in one of the tunnel crystals, part of the shower is 
'lost' in the endcap crystals. The endcaps are less segmented and its 
crystals have a shorter radiation length (see Section 3·2.Ί), making the 
measurement of energy and shower characteristics less reliable. We therefore 
only keep events that have none of their four particles in the tunnels. This 
cut has an enormous effect on the data in the e-channel. It eliminates over 
80% of the events, indicating the presence of a high background of QED 
events: Indeed, the distribution of particles in QED events is peaked towards 
θ = 0 and = я, resulting in a high probability that at least one of the 
particles is found in one of the tunnel regions. 
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Figure 5-1: Distributions for split-offs from 5000 MeV Monte Carlo 
electron showers: a) The opening angle θ between the split-off and the 
'parent-electron', b) The split-off energy E. 
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Figure 5-2: Flatty of an event T(2S) -> ТТГе+е", with a split-off 
identified near one of the electron showers. 
5.І.З Two Leptons 
We must have either two electrons or two muons in the final state. Both 
leptons have an energy of about 5OOO MeV. Since electrons deposit practically 
all energy in the crystals we require for e-events at least two particles 
with El3 i ЗООО MeV. The efficiency for this cut in selecting electrons is 
practically 100%. 
As discussed in Section 3·3. high energy muons show up as minimum 
ionizing particles with a clean signature. We require for a ц-event at least 
two particles with: 
(i) E2/E4ä O.985 
(ii) Е ЕІЗІО.дв (5.1) 
(iii) I6O MeV S ЕІЗ £ 300 MeV 
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These muon selection criteria were already discussed in Section 3·3· The 
efficiency of this particular cut to select muons is found to be about Э^% 
per muon. 
Note that the possibility exists that for an event more than two lepton 
candidates are found. In such cases we only identify as leptons the pair of 
particles which has the smallest acollinearity (see next Section). 
5.1.4 Back-To-Back Leptons 
The two leptons originate from the T(1S) decay. Because of the limited 
momentum of the T(1S) in the decay T(2S) -»ТТТЦЗ), the leptons have a maximum 
acollinearity angle. In fact from 
Moo - MiQ 
Ршах^
15)] = I - (5.2) 
2M2S 
and using N23=9460.0 MeV and Mls=10023.4 MeV [PDBook84], we find 
Pmax[T(1S>] =547.6 MeV . (5-3) 
Denoting the minimum opening angle of the leptons by θ . we have 
9
min = 2-arctant-^] , (5.4) 
where p^ and E^ are the impuls and energy respectively of the leptons in the 
T(1S) center of mass system, and β and Τ correspond to the maximum velocity 
of the T(1S) in the lab frame. Using p,* E, we obtain 
тіп
 e
 173.t' . (5-5) 
or a maximum acollinearity angle of 180 -
 т
і
п
=6.6 . Such a lepton pair 
should show up in the Ball as two (almost) back-to-back particles. The 
theoretical maximum acollinearity is however increased because of the 
uncertainty in the direction measurements of the leptons, stemming from the 
non-perfect angular resolution of the Ball and from the uncertainty of the 
vertex position following from the 2.5 cm DORIS bunch length (see Section 
3.1). In Figure 5"3a we plot the acollinearity angle for the lepton pairs in 
Monte Carlo cascades. Note the peaking at (6-7) . The figure shows that an 
acollinearity cut of 20* is nearly 100% efficient for real cascade events. 
The effect of the cut on the data is shown in Figure 5"3b, where the 
acollinearity is plotted for all pairs of particles identified as leptons. 
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Figure 5-3: Acollinearity angle for lepton pairs in cascade events: 
a) Monte Carlo simulation, b) Real data. 
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•p.1.5 Two Photons 
The remaining two particles must be photons. Photons are recognized by 
their typical electromagnetic shower. As explained in Section 3-3 this can be 
quantified by the values El/Eh and E4/E13. Figure 5-4 shows a scatterplot of 
Ε1/ΕΊ V S . Е4/Е13 for all particles not previously identified as a lepton. In 
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Figure 5-4: Scatterplot of E4/E13 vs. El/E4 for all particles, not 
identified as a lepton. The dashed square indicates the photon pattern 
cut (Equation 5-6). 
comparing this plot with the expected distribution for photons (see Figure 
3-10), we note in particular that a large background of minimum ionizing 
particles is still present, which have E1/E4* 1 and/or ЕЦ/ЕІЗ"!. T O be 
- ВЦ -
identified as a photon we require a particle to have 
( i ) 0.40 S El/El» S O.98 
( i i ) O.6OSEVEI3SO.99 
This cut weis already described in Section 3·3· Its efficiency to identify 
photons is about 98^· The cut has a large effect on the data; it eliminates 
the vast majority of events where the two remaining particles are hadrons 
and/or minimum ionizing. 
5.I.6 No Overlaps 
When the two photon showers partly overlap or when one of the photon 
showers overlaps with one of the lepton energy patterns, it is difficult to 
determine what part of the energy in the overlap region belongs to the 
photon. To ensure a precise energy measurement for the photons we therefore 
require them to deposit their energy in an isolated group of crystals. This 
is achieved by applying a cut on the opening angle θ between each pair of 
particles. If both particles form showers (photons and electrons) we require 
cosO £ 0.8, while if one of them is a minimum ionizing muon we only require 
cosG S 0.9. 
5.2 Cuts To Clean Ug The Sample 
At this stage we have decreased the size of our sample to a total of 875 
events. Most {"11%) of the surviving events are in the e-channel. Coupled to 
the fact that the total efficiency of the cuts to select cascades in both 
channels is about the same (see Section 7.6), this indicates that a large 
part of the sample still consists of QED background. This is also suggested 
by the fact that the energies of the particles identified as photons, peak at 
low energies (see Figure 5~5)· Furthermore a large background of charged 
hadrons (most of them π and π") is present which fake photons or muons. 
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Figure 5~5: Distribution of the energy Εγ of all particles identified 
as photons. Also indicated is the cut to reduce QED background (see 
Section 5.2.3). 
5.2.1 Event Topology In Chambers 
Until now we did not use the information from the tube chambers. It is 
tempting to reduce background by requiring both leptons to be tagged as 
charged and both photons to be seen as neutral. Conversion effects and 
chamber-inefficiencies, however, considerably decrease the efficiency of such 
a cut. In Section 7·5 we will derive that the probability for a photon to be 
tagged as charged is as large as Ц%, while for a lepton this probability is 
only about 90#. The topology of two charged leptons and two neutral photons 
thus has a total probability of only about 752 to be identified correctly by 
the chambers. We therefore choose to use a more conservative cut: We require 
two neutral photons and at least one charged lepton. The efficiency of this 
cut is about 32-%· Since only 60# of the data meets the implied topology, this 
cut eliminates a considerable fraction of the background events. In the 
events that are not accepted, usually one or two of the 'photons' are found 
to be tagged as a charged particle, making these events candidates for the 
T(2S) -> п+л"т(18), Т(15)-»І+*" channel. 
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5.2.2 Muon Channel Background 
The energy depositions from charged pions can fake those of muons. Thus 
events with final states like TTn n~+ 'other' can give rise to a background 
in the muon channel. To survive all previous cuts these events must have the 
'other' particle(s) going in the endcap(s) or leaving only small energy 
depositions in the Main Ball. Also hadronic interactions of e.g. pions in the 
crystals may cause small depositions of energy less than 10 MeV, that are not 
recognized as separate particles. We cut this background by requiring for 
u-events the energy in the endcaps to be less than Ί5 MeV. Furthermore the 
'spurious' energy in the Ball (i.e. the energy not belonging to one of the 
identified particles) has to be less than 40 MeV. Both cuts are suggested by 
studying DBM events. 
5.2.3 QED Background 
A large fraction of the events left has one or two low energy photons. 
The bulk of these events is QED in origin: Double radiative Bhabhas or single 
radiative Bhabhas. where an additional low energy photon is faked by a 
beam-gas interaction. An additional source is formed by hadronic events where 
a low energy shower is caused by a hadronic interaction in the crystals. To 
reduce this background we only accept events with both photon energies above 
50 MeV (see also Figure 5-5)· 
5-2.Ί Trigger Check 
As explained at the end of Section 3·5ι we only want to keep events that 
are triggered by at least one of the following cascade triggers: 
(i) Total Energy Trigger 
(ii) Topology Trigger 
(iii) u-pair Trigger 
(see Section 3·3 for a detailed description). 
Out of the 305 events which have survived all cuts prior to this trigger 
check, we find only one event that did not fire any of these three triggers. 
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5.3 Final Cuts 
We subject the events to a kinematic fit for the TYi+t~ final state. Our 
final sample of cascade candidates will be extracted from these events by 
using the constraint that for real cascade events the leptons must originate 
from the decay of an Τ(IS). 
5.3·! Kinematic Fit 
For each event we perform a kinematic fit to the hypothesis 
T(2S) •» f Ti i , using energy and momentum conservation. From the conservation 
of the four-vector we could place four constraints on the fit ClC-fit), but 
since we do not use the lepton energies, only a 2C-fit is performed. We refer 
to Appendix В for a detailed discussion on this as well as other aspects of 
the fitting procedure. 
In Figure 5_6a the confidence level for the fit is shown for all events 
in the u-channel. The corresponding plot for the e-channel is shown in Figure 
5-6b. The distributions are flat (as one would expect for fits of events to 
the correct hypothesis) except for the first bin which corresponds to 
confidence levels of less than 1%. This first bin is (mostly) populated by 
events which, for a variety of reasons, pass the fit hypothesis with a 
probability so low that they are unlikely to be real (clean) events. Some of 
these reasons are: 
a) More than the four detected particles are in the final state, but some 
have escaped the detector through one of its gaps, thus causing an event that 
suffers from momentum imbalance. 
b) A photon signature has been faked by a pion, a particle which usually 
does not deposit all its energy in the crystals. 
c) One of the photons has 'lost' a considerable amount of energy either 
because it is close to one of the gaps, or because its energy was in the low 
energy tail of the Nal-line shape (see Appendix A). In the latter case a 
(too) low confidence level results because the fit assumes the energy to be 
gaussianly distributed. 
d) An event has an abnormally large z-vertex, which distorts the 
measurement of θ (see Appendix B). 
Events are accepted only if the confidence level of the fit exceeds 1%. 
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Figure 5~6: Confidence level for the kinematic fit to the hypothesis 
T(2S) -» "m+Jt~: a) For the ц-channel. b) For the e-channel. Also 
indicated is the applied cut. 
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5.3·2 Invariant Mass Of Lepton Pair 
After the kinematic fit and its probability cut, we are left with a 
sample of 282 T(2S) •» ТТІ+д" events. We now use the fact that for cascades the 
leptons are produced in the decay Τ (IS) •> i Jt~, and thus must have a measured 
invariant mass М(і+Д~) near Mje. 
M(Jt+A~) would be directly calculable from the directions and energies of 
the leptons, but since we do not know the energies of the muons we use a 
different method, which works for both channels. From the measured 
four-momenta of the photons we can calculate the mass M of the object 
which recoils against the two photons: 
M
rec
2
 = [ M 2 S - E n - E T 2 ] 2 - ІРт1 + Рт2І2 · (5-7) 
For cascades the recoil object is an T(1S), hence М-.^М^д· 
Instead of performing directly a cut on M
 c
 to select the cascades we 
do an (equivalent) cut on the mass difference ΔΜ Ξ Про - M
 c
 to obtain our 
final event sample. In Figure 5_7 AM is plotted versus Εγΐ (defined as the 
energy of the lowest energy photon) for all 282 events. We clearly observe a 
clustering of events in the region AM - 560 MeV. 
A projection of the scatter plot on the AM axis for 440 MeV S AM S 680 MeV 
is shown in Figure 5"8. The peaking of events in the region of the 
T(2S)-T(1S) mass difference is really the first indication that we are indeed 
observing T(2S) + TTT(IS) transitions! A fit to this distribution, using a 
Nal-line shape on top of a flat background, gives for the position of the 
peak AM ak = (562 ±2) MeV, in excellent agreement with the well known mass 
difference M 2 S - M 1 S = (5б3.2±0.6) MeV [Artam82],[Barbe84]. The width of the 
distribution is found to be σ= (16 ±2) MeV, consistent with our energy 
resolution. 
The error bars drawn in this figure correspond to the square root of the 
bin population. Error estimates of this type are shown to guide the eye in 
all figures presented in this thesis; they are not used as such in the fit. 
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Figure 5-7: Scatter plot of AM vs. Εγΐ0„ for all events surviving the 
selection cuts for the YTt+l~ final state. The horizontal lines 
indicate the cut on AM (see text). 
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This fit result is used to perform the final cut: We eliminate all 
events with AM outside the interval A M D e a k ± 3σ. The effect of the cut is 
visualized both in Figure 5-7 and in Figure 5-8. 
Figure 5-7 has one more very interesting feature: Not only do we observe 
a clustering of events in the AM region mentioned above, we also observe the 
events in this signal region to cluster around two specific Εγι energies. 
This indicates that we observe cascade events T(2S) -»TX,, X. •» TT(1S) via two 
D b 
different X. states. We will study these transitions in detail in the next 
Chapter. 
5.4 Conclusions On Event Selection 
We have come a long way: The initial 'production' sample of about 35'Ю 0 
events is reduced to exactly 100 cascade candidates. In Table 5-1 the effect 
of each cut on the data sample is given. Also the efficiency for a cut to 
select cascades is listed by giving the percentage (averaged over all 
channels) of Monte Carlo cascades that passes the cut. Note that these 
percentages always give the efficiency of a given cut, after the events have 
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Table 5-1 
Effect of all cascade selection cuts described in this Chapter. The 
individual efficiencies are given by the percentage of Monte Carlo events 
that pass the cut. 
Cut Events 
Surviving 
U-Events 
Surviving 
e-Events 
Surviving 
% Pass of 
Data MC 
Start 
Pre-selection 
On T(2S) Resonance 
l\ Particles 
Nothing In Tunnels 
Two Leptons 
Leptons Acollinear 
Two Photons 
No Overlaps 
Topology in Chambers 
Clean up u-Channel 
E T > 50 MeV 
Trigger Check 
Kinematic Fit 
AM Cut 
35.000,000 
90733 
69710 
19084 
8689 
4205 
2548 
1475 
875 
555 
529 
305 
304 
286 
100 
59693 
45810 
8208 
6657 
2173 
529 
282 
201 
101 
75 
65 
64 
58 
42 
31040 
23900 
10876 
2032 
2032 
2019 
1193 
674 
454 
454 
240 
240 
228 
58 
0.26 
76.8 
27.4 
45-5 
48.4 
60.6 
57-9 
59.З 
63.4 
95.З 
57-7 
99-7 
94.1 
З5.0 
54.1 
100.0 
92.0 
73.1 
88.7 
99-6 
94.9 
81.2 
9I.7 
96.8 
99-5 
99.1 
98.8 
95-8 
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been subjected to all previous cuts. Comparing the percentage of data that 
passes a cut with the efficiency of a cut to select cascades, directly gives 
the improvement of the signal-to-noise ratio effectuated by this cut. 
Of course there still can be background events present in our sample of 
100 cascade candidates. In Section 8.2 we will find that this background 
consists of about 10 events at most. Since the combined efficiency of all 
cuts, averaged over all cascade channels, is about 20% (see Section 7·6), we 
estimate that roughly Ί50 cascade events were present in the initial 
'production' sample. This indicates that the selection procedure changed the 
signal-to-noise ratio from about 10~^ to 10, an improvement by a factor 10 ! 
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Chapter 6 
OBSERVATION OF THE X STATES 
The selection procedure has left us with 100 cascade candidates: 58 
events of the type T(2S) -> YTT(IS) , T(1S) •» e*e~ and 42 events of the type 
T(2S) -»ТПТЦЗ), T(1S) +u Ц -. Examples of events in this sample were shown in 
Figures 3"7t 3"11 and 5 _2. The events in the signal region of Figure 5"7 
cluster around two values of Εγ·· , indicating that most of these candidates 
are in fact cascades T(2S) -» ΎΧ. , X, -»TT(IS), proceeding via two different x, 
states. 
In Section 6.1 we study the photon energy distribution more careful and 
check whether the spectrum is indeed consistent with radiative transitions 
via two different X, states. b 
Section 6.2 deals with the identification of the two X, states. In 
D 
particular we discuss the experimental evidence for the spin assignments to 
these states. 
In Section 6.3 we determine the masses of the xH particles, and compare 
b 
our values with previous experimental results and with predictions from a 
range of potential models. 
The natural line widths of these states are found to be small compared 
to the energy resolution of our detector. A direct measurement of the Xj: 
widths is therefore impossible. In Section 6.4 we present upper limits for 
the Γ(Χ^). 
It is not established at this point that in the observed cascades the 
low energy photons correspond to the first cascade step T(2S) -> TX, and that 
consequently the high energy photons correspond to the subsequent radiative 
decay of the X, to the Τ(IS). In Section 6.5 we give experimental arguments 
that settle this ambiguity. 
1
 Like in the previous Chapter, E Y l o w is defined as the energy of the lowest 
energy photon in the ТТІ Я final state. 
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6.1 The X. States 
Above we assumed the observed intermediate states to be X, states. 
b 
Although this assumption will prove to be correct, we should note that theory 
predicts yet one other bound ЬБ state, the ηΰ, which could play the role of 
intermediate state in a cascade (see Figure 1-4). In Section 2.3 it was 
however pointed out that the Ml radiative decays T(2S) •» Tn¿, and especially 
the subsequent ni+fTílS), are strongly suppressed compared to El decays via 
the xr states. Furthermore, analyses of the inclusive reaction 
T(2S) •» Τ + hadrons have shown the existence of exactly three states below the 
T(2S) [CBALL85a],[ARGUS85], which strongly suggests the observation of the 
expected XJ; states with J = 0, 1 and 2 respectively. 
As already mentioned, the scatter plot 5"7 indicates the existence of 
radiative transitions via two different X. states. This is more clearly shown 
b 
in Figure 6-1, where we plot the energies of all (200) photons observed in 
the cascade candidates. The low energy region shows the existence of 
transitions to two different states. 
> 
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Figure 6-1: Energy distribution for all (200) photons observed in the 
cascade-candidate events; there are two entries per event, one in the 
low energy region (below 250 MeV) and one in the high energy region 
(above 250 MeV). 
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Potential models predict the X. states to be 100 MeV to 200 MeV below 
the T(2S), definitely closer in mass to the T(2S) than to the T(1S). This 
suggests that the low energy photons would correspond to the 'first' 
transition. For the time being we will assume that in a cascade event, the 
low energy photon corresponds to the transition T(2S) •» TX. and the high 
energy photon to the subsequent transition Х.->ТТ(15). In Section 6.5 we will 
come back to this ambiguity. 
6·1·! E Y I O W Spectrum 
In Figure 6-2 we plot Ε
γ 1 θ ί ί for all 100 cascade candidates. This 
distribution shows two well-separated peaks (which we label « and 8) at 
energies of about 107 MeV and 132 MeV respectively. 
> 
ID 
(Л 
ω 
> 
125 
E. rLOW 
150 175 
(MeV) 
250 
Figure 6-2: E T l o w for all 100 cascade candidates. The curve represents 
a fit with two Nal-line shapes of fixed width on top of a flat 
background (see text). 
Note that, as mentioned above, this distribution was implicitly present in 
Figure 5_7; it is the projection onto the Εγ^
ον(-βχϊ8 of the signal band in 
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the scatterplot. 
The solid curve represents the fit with a function ΡίΕγπ™) 
F(E) = Ν
α
·5(Ε-Ε
α
,σ0() + ΝΒ·5(Ε-Εβ,σΒ) + ΡίΕ,ί^}) . (6.1) 
where N. is the number of events in the peak, S a normalized Nal-line shape 
(see Appendix A) with position Ej and width σ-, and P(E,aQ ,a^) a 
polynomial of order n. The fit to the two photon lines is performed in a 
limited region , 50 MeV ί Εγ-, S 200 MeV, and assuming a flat background 
(n = 0). We also constrain the widths to our known energy resolution 
σ± = (0.027 ± 0.002) -E^^ , (6.2) 
with both σ and E expressed in GeV (see also Appendix A.) In the fit we thus 
only have the background BQ, the peak amplitudes N and N 8, and the peak 
positions E0( and E. as free parameters. The results from the fit are 
summarized in Table 6-1. 
Table 6-1. Resultsa of the fit to the Εγ-· spectrum, represented by 
the solid curve in Figure 6-2. 
E« (MeV) 
Eg (MeV) 
N
« 
NB 
Background 
107.0± 1.1 
І З І . 7 ± 0 . 9 
, +6.8 
3 / |
·
7
-6.ι 
+8.1 
, * * · 3 
7
·
4
- 3 . 2 
a
 The errors on the fitted quantities are the ± variations of each 
quantity, corresponding to the 31·7?· confidence level limits of the 
fit on each side of the most likely value; for a normal 
distribution this corresponds to the usual ± one sigma standard 
deviation. 
b
 BQ, integrated over the fit region 50 MeVS E ï l o wS 200 MeV. 
1
 This fit, as well as all other fits throughout this thesis, is performed on 
the un-binned data using the maximum likelihood method (see e.g [Eadie71])· 
1
 Above 200 MeV the background may behave differently (see Appendix C). 
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We observe good agreement between the shape and the data, indicating that 
both peaks are real photon peaks. In fact if we do not constrain the widths σ 
in the fit we find 
σ^ = (5.0 ±0.6) MeV , (6.3a) 
σ
Β
 = (5-9 ±0.7) MeV . (6.3b) 
These measured widths agree very well with our known energy resolution (6.2) 
[(5-1 ±0.4) MeV for the α-peak and (5.9 ± 0Л) MeV for the B-peak]. 
It is of interest to compare the values obtained for E and E» with the 
corresponding values derived from fitting the spectra of the TTe+e~ and 
TYu u~ channels separately . Denoting the position of the α peak in the ц 
channel by E¡| etc., we find E¡¿ = (IO8.3 ± 1.8) MeV, Eg = (131.7 ± l-O MeV for 
the u-channel and E*= (IO6.O±1.4) MeV, E?= (I3I.8± 1.3) MeV for the 
e-channel, all in good agreement with the values presented in Table 6-1. 
We conclude that we observe radiative decays via two different 
intermediate X, states, which, for the moment, we shall call )C and Xf b b b 
respectively. 
6-1-2 Eyhigh Spectrum 
The distribution for the energy of the high energy photons is shown in 
Figure 6-3. The two lines, which correspond to the two low energy α and В 
peaks, are not resolved, because the detector resolution in the high energy 
region 
σ
Ε
(430 MeV) = (14 ±1) MeV , (6.4) 
washes out the energy difference expected for the two lines ( - 25 MeV from 
Table 6-1). 
The broadness of the distribution is nevertheless consistent with the 
presence of two merged photon lines. The solid line in Figure 6-3 represents 
a fit to this distribution of two Nal-line shapes on top of a flat 
background, leaving the widths free, but fixing the amplitudes of the lines 
to the results from Table 6-1. The fit results in an energy difference of 
(30 ±5) MeV in good agreement with the values from Table 6-1, and yields 
widths of (16 ±3) MeV and (17 ±3) MeV respectively, both in good agreement 
1
 The E T 1 spectra results for the e and u channels separately are presented 
in Section 8.2. 
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with (б.1»). A fit of only a single Nal-line shape to this distribution 
leaving the width free, results in a width of (25± 5) MeV, which is about 2 
standard deviations away from (6.4). We conclude that the E T h ; ¡. distribution 
is consistent with two merged photon lines corresponding to the secondary 
transitions x"-»TT(lS) and X*->TT(1S). 
16 
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Figure 6-3: Energy distribution of the high energy photons in the 
cascade events. The curve represents a fit using two Nal-line shapes on 
top of a flat background, leaving the widths free, but fixing the 
amplitudes to the results from Table 6-1 (see text). 
6.2 Spin Of The Χ States 
The Crystal Ball experiment was first to observe three resolved photon 
transitions T(2S)->TX. in the inclusive analysis T(2S) -» Τ + hadrons, the 
b 
measured transition energies being about 110 MeV, 131 MeV and 164 MeV 
respectively [CBALL85a]. A fourth line was found in the inclusive spectrum at 
about 430 MeV, consistent with the three (merged) 'secondary' transitions 
X, "•TT(IS). In Figure 6-4 we show the inclusive photon spectum as well as the 
corresponding background subtracted spectrum. We can directly compare this 
distribution with the photon spectrum from our exclusive analysis in Figures 
6.1, 6.2 and 6.3. It is clear that the inclusively observed 110 MeV and ІЗІ 
MeV transitions correspond to the radiative decays of the T(2S) to the X. and 
X? states observed in the present analysis. b 
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Figure 6-4: Inclusive photon spectrum from the Crystal Ball analysis 
T(2S) -• Τ + hadrons: a) The fitted part of the spectrum, b) The 
background subtracted distribution. This figure is taken from 
[CBALL85a] (we refer to this paper for more details). 
Also the energy of the fourth line measured by the inclusive analysis 
agrees well with the mean energy observed in our Εγ^· ^ spectrum. However, we 
find no evidence for the third inclusive state at the reported transition 
energy of about 164 MeV. 
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In Section 2Λ we explained that from QCD we expect the signal for the 
cascade reaction T(2S) -»TX?, X?+TT(1S) to be smaller by more than an order 
b
 2 1 
of magnitude compared to the corresponding transitions via the Xf" and X. . The 
fact that we do not observe this third state suggests this 'missing' state is 
the X°. 
D 
It is possible to use the angular correlations of the two photons in 
T(2S)+TX. , X, ->TT(1S) to determine the spin of both states X? and X* 
D D D D 
observed by our analysis. From Figure 6-2 it is clear we have two well 
separated samples, about 35 events in the α-channel and about 53 events in 
the B-channel. Although the statistics is small, the large solid angle of the 
Ball allows a test of different spin assignments for the x" and X* by 
о D 
comparing the observed correlations in θ and φ of the photons with the spin 
dependent distributions [Brown76]. Also the observed beam polarisation of 
(75 ±5)% for DORIS-II at the T(2S) (see Section 3.1) plays a crucial role in 
the succes of this method. Such tests on the cascade sample have been 
performed, but we will not present them in this thesis. We merely quote the 
results [Skwar85]: 
a) Spin 0 is ruled out both for X* and x? at a confidence level of 99.82, 
D b 
b) When comparing the combined spin hypothesis .ΠΧ!*) =2 and J(X?) = 1 versus 
D b 
the combined spin hypothesis J(X?) =1 and J(x{!) =2, the latter is ruled 
out at a confidence level of 99 ·'*#· 
In reaching conclusion 'b)' one assumes that other than El radiation can be 
neglected . If furthermore one also assumes a 'standard' spin model (all 
three states have different spins and the spin-hypotheses are limited to 0, 1 
or 2) these results strongly suggest that J(x?) =2 and J(X?) =1. and 
therefore that the spin of the non-observed X, state is 0. 
b 
From the inclusive analysis mentioned above comes additional 
experimental support for this spin assignment. From Equation 2.35 we define 
the reduced matrix element RT 
In Section 2-3 it was pointed out that El radiation is expected to be 
completely dominant. Dropping the El-assumption would make the confidence 
level for this conclusion go down accordingly. The first conclusion 'a)' 
would however not be affected since radiative transitions via a spin 0 
state must be El. 
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ΓΕ1[Τ 2S) -> TxJ] 
Rj Ξ — ^ - . (6.5) 
J
 (2J+1)-E3 
Assuming <f|r|i> (see Equation 2.31) to be independent of J and labeling the 
missing state by T, we must have 
R« : RB : RT = 1 : 1 : 1 . (6.6) 
where R a is the reduced matrix element for the X™, etc. Assuming once more 
that other than El transitions can be neglected, the Г
Е
^ are measured by the 
branching ratios for T(2S)-»TXb ([5.8 ± 1.2]* for x". [6.5 ± 1.4];* for χξ and 
[3.6±1.2]Ji for x£) [CBALL85a]1. 
If we now choose J(xf") =2, J(xi) =1 and J(x7) =0, we find 
D D D 
R" : RB : Η γ = (0.9*0.2) : 1 : (0.8±0.3) , (6.7) 
in good agreement with (6.6). Choosing a different spin assignment makes the 
result for R a : RB : R disagree with (6.6). In fact the 'second best' spin 
assignment is J(X™) = 1, J(xB) = 2 and J(x7) = 0, giving R a : R9 : Η γ 
(2.2±0.6) : 1 : (1.3±0.5). A reversed spin assignment J(x") = 0, J(xB) = 1 
and J(x£)=2, would result in R* : RB : RT = (4.9 ±1.2) : 1 : (0.2 ±0.1) in 
violent disagreement with (6.6). 
We conclude that the observed x" and xj; states are the X^ and X;~ 
D b b b 
respectively. Furthermore the state found by inclusive analyses at a photon 
transition energy of about 164 MeV Is the x^. Note that this identification 
D 
agrees with the level ordering predicted by potential models (see Figure 
1-4). 
6.3 Fine Structure Splitting 
After having identified the X? and the x£ as the XÍ; and X¿ states 
D D D D 
respectively, we can calculate the masses of these states from the values for 
The radiative width is of course measured by the branching ratio times the 
total width of the T(2S), but the latter cancels in the ratios considered 
here. 
2
 We have added the statistical and systematic errors in quadrature. 
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E„ and E. in Table 6-1 and from the known mass of the T(2S). Before actually 
я ρ 
doing this let us investigate possible systematic errors on E and Ε». 
From the uncertainty in the energy scale (see Section 4.1) we have a 
contribution to the systematic error of 0.5 MeV for both E
a
 and E.. 
The specific pattern cut (see Section 5·1·6) used to select photons can 
introduce a systematic effect on the photon energies; it might for instance 
select a special subset of photons with biased energies. To trace such an 
effect, energy changes are studied resulting from the use of different 
pattern cuts on Bhabha showers and Monte Carlo photons, for which of course 
the energies are exactly known. In a similar way also possible systematic 
effects due to other cuts are studied. The maximum total systematic error 
from the selection cuts is estimated to be 0.4 MeV. 
Finally a systematic effect could be caused by our fit procedure. We 
varied the background by allowing higher order polynomials in the fit 
function (6.1) and by changing the energy interval used in the fit. The 
Nal-line shape parameters that we use (see appendix A), result from studies 
of the reaction *(2S) -»n^tlS), η-»ТТ. A systematic effect in this set of 
parameters was investigated by leaving them free in the fit. The total 
systematic error resulting from the fit procedure was estimated to be 0.3 MeV 
at most, for both energies E
a
 and Eg. 
We linearly add the estimated errors from the energy scale uncertainty, 
the selection procedure and the applied fit function, resulting in a total 
systematic error of 1.2 MeV. 
Denoting the energy of the photon in the reaction T(2S) •» ΤXj| by Ej we 
thus find 
E 2 = (IO7.O±1.1±1.2) MeV 
E 1 = (131.7 ±0.9 ±1-2) MeV , (6.8) 
where the first error is statistical and the second error is systematic . 
Denoting the mass of the Xj: state (as in Chapter 2) by Mj we have 
2E T 
1-ΧΓ2 . (6-9) 
M2S 
MJ = M2S' Λ 
where N23 is the mass of the T(2S). Adding the statistical and systematic 
This ordering-convention is used throughout this thesis, whenever two 
errors are quoted. 
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errors in quadrature we obtain 
M2 = (9915-8±1.6) MeV , 
M 1 = (989O.8±1.5) MeV , 
(6.10a) 
(6.10b) 
using M 2 S = (10023.t±0.3)MeV [PDBook84]. 
In Table 6-2 we compare our values (6.10) with results from other 
experiments; all values quoted are recalculated from the measured photon 
energies, using the T(2S) mass given above. All experimental results agree 
within their errors. 
Table 6-2. Comparison of M2 and M^ (in MeV) with results from other 
experiments. 
Experiment Reference 
This analysisa 
ARGUSb 
CLE0b 
Crystal Ballb 
CUSBa 
CUSBb 
9915.8± 1.6 
9912.2± 1.0 
9913.8± 0.8 
9912.412.3 
9915.8± З.О 
99^.S±2.0 
9890.8± 1.5 
9890.8± 1.1 
989t.O± 1.0 
9891.9 ±2.5 
9891.6 ±2.5 
9891.5 ±3.0 
[ARGUS85] 
[CLEO85] 
[CBALL85a] 
[CUSB83a] 
[CUSB83b] 
All experiments0 9913-6 ± 0.5 9892.1±0.6 
a
 Analysis of exclusive decays T(2S) ·» TTT(IS). 
Inclusive photon analysis. 
c
 Weigthed average of all experimental results. 
In Equations 2.27 we have parametrized the masses Mj in terms of M
c o
 , 
the center of gravity of the Xj: states, and the splitting parameters c L S and 
Op which measure the contribution to the fine structure splitting of the 
spin-orbit force and tensor force respectively. Using 
M 0 = (9858.2 ±3-1) MeV (6.11) 
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from the inclusive Crystal Ball analysis [CBALL85a] , we obtain 
M c o g = (9901.1±1.2) MeV , (6.12) 
c L S = (15.9 ±0.7) MeV , (6.13) 
c T = (11.2± 1.7) MeV . (6.14) 
In Figure 6-5 we visualize the measured splittings in terms of these 
parameters. Note that the spin-orbit force contributes more to the splitting 
than the tensor force. 
In Table 6-3 we compare our result for M with predictions from the 
cog 
range of potential models discussed in Section 2.1. Whenever the mass of the 
T(1S) or T(2S) is used as input to a particular model, the overall mass scale 
in the model is shifted to make the input mass agree with the nominal value 
from [PDBook84]. 
Table 6-3. Comparison of experimental values for the position of the 
center of gravity M.,,.,, (in MeV) with predictions from several potential 
models. 
Source M(x^og) Reference 
This experiment 9901.1±1.2 
Bander et al. 
Buchmüller 
Eichten et al. 
Gupta et al. 
Hagiwara et al. 
Martin 
McClary-Byers 
Moxhay-Rosner 
9891 
9889 
9927 
9901 
9894 
9861 
9923 
9906 
[BandeSI] 
[Buchm82] 
[Eicht8l] 
[Gupta85b] 
[Hagiw83] 
[MartiSl] 
[McCla83] 
[Moxha83] 
We have added the statistical and systematic errors in quadrature. 
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Mass 
(MeV/c2) 
Spin —Orbit Tensor 
9920 г 
9910 
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9890 
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Figure 6-5І The measured energy levels of the xr states. Also shown are 
the position of the center of gravity (COG) and the individual 
contributions from the spin-orbit force and the tensor force 
respectively, in terms of the parameters Cic and Cm (see text). 
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As pointed out in Section 2.1 the center of gravity is particularly 
sensitive to the short-range part of the potential. Compared to the 
predictions from QCD-like models the purely phenomenological potential of 
Martin predicts a much lower value for M than measured by this experiment; 
this indicates that the short-range behaviour of the potential is better 
described by the more singular QCD-like models. The (recent) prediction for 
M of Gupta et al., who calculate the short-range potential within QCD up cog 
to fourth order, is in excellent agreement with our measurement. 
In comparing the spin-treatments of different theoretical models, 
usually the ratio of splittings r (defined by Equation 2.30), is used instead 
of Сто and c T; the latter are more sensitive to overall model assumptions 
(like the form of the central potential), while a ratio is less sensitive to 
such effects, and can thus be more reliably used to test the spin-treatment 
specifically. From our analysis we obtain 
г = 0.77 ±0.09 . (6.15) 
In Table 6-k we compare our results for Cig, Or. and г with predictions from a 
range of potentials. The different models are grouped according to their 
hypothesis for the nature of the confining force (purely scalar, purely 
vector or mixed). 
As mentioned, the splitting parameters Cío and Op appear sensitive to 
the particular model assumed, while the ratio г is more 'stable'. The 
predictions for г from the models assuming scalar confinement agree well 
(within one standard deviation) with our measurement, except for the 
prediction by McClary and Byers. Models assuming other than pure scalar 
confinement do worse. In conclusion, our measurement prefers scalar 
confinement and thus supports the previous theoretical and experimental 
indications for an effectively scalar nature of the long-range force, 
mentioned in Chapter 2. 
- 108 -
Table 6-4. Comparison of experimental values for the splitting parameters 
C[o, Op (both in MeV) and г with predictions from several potential models. 
Source 
-LS Reference 
This Experiment 15.9±0.7 11.2*1.7 0.77±0.09 
Pure Scalar Confinement 
Bander et al. I7.I 11.0 0.77 
Buchmüller I9.8 14.2 0.77 
Crotch et al. 14.0 10.0 0.76 
Gupta et al. 10.8 9.4 0.68 
McClary-Byers I7.3 21.1 0.45 
[Bande84] 
[Buchm82] 
[Grotc84] 
[Gupta85b] 
[МсСІавЗ] 
Grotch et al. 
Pure Vector Confinement 
22.2 10.6 1.00 [Grotc84] 
Eichten et al. 
Moxhay-Rosner 
I5.O 
8.9 
Mixed 
6.7 
11.3 
1.04 
0.42 
[EichtSl] 
[Moxha83] 
6.4 Natural Line Widths Of The X. States 
By comparing the measured widths (6.3) of the α and β peak with the 
energy resolution (6.2) of the detector, we can immediately conclude that the 
natural line widths of the x£ and X¿ can be, at most, a few MeV. We can 
b D 
however do better than this crude estimate: By folding a Breit-Wigner 
distribution into the Nal-line shape of the fit function (6.1), we can derive 
upper limits for the natural line widths 
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Γ(χ2) < i».О Ме (Э0% CL.) , 
! (6.16) 
r(x¿) < 5.1 Mev (go* CL.) . 
In Chapter 9 we will derive better estimates for these widths in an 
indirect way, i.e. by using the results from the branching ratio analysis 
presented in Chapter 8. 
6.5 'Which Came First' - Ambiguity 
A possible way to settle the problem of whether in a cascade event the 
low energy photon or the high energy photon corresponds to the first 
transition [T(2S) •» TX. ], would be to use the fact that the energy 
distribution of the photons resulting from the second transition [X. •» TT(1S)] 
D 
must be Doppler broadened, due to the non-zero velocity of the X. . Let us 
estimate the maximum amount of Doppler broadening for the second transition. 
Suppose the high energy photons of about 430 MeV would correspond to the 
first transition. The mass of the X. states must then be about 
D 
10023 MeV-430 MeV = 9593 MeV, resulting in a relativistic kinematics 
parameter В=v/c*p(X )/M(X ) =0.0Ί5. Defining E | l o w to be the Doppler 
broadened photon energy from X. -»ТТЦВ) we have E y i
o w
 =
 lr
'
ETiow' (l+Scos9), 
where θ is the angle between the X. and the photon. This results in a maximum 
deviation for Ε^ η from Εγ, of about ^.5%. On average the deviation would 
of course be less and using Monte Carlo events, taking into account all 
kinematic details, one arrives at the conclusion that the Doppler broadening 
is too small, compared to the energy resolution of our detector, to be 
observed conclusively. 
However, a different, more intricate but convincing, experimental 
argument can be given for the low energy transition being the first. Suppose 
once more that the high energy transition came first. Then the measured 
branching ratios for the low energy transitions in the inclusive analysis 
must correspond to the product branching ratios 
BR[T(2S) •> TX^] · BR[X¿-» TT(IS)]1 . But the latter are exactly the branching 
ratios measured in our (exclusive) analysis. We will derive these branching 
ratios in Section 8.7, but let us already use our result for the sum of the 
This becomes more obvious if one realizes that before the X. state can 
radiatively decay to the T(1S), it must have originated from a radiative 
decay of the T(2S). 
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product branching ratios 
I BR[T(2S) -> ТХ^] ·ΒΗ[Χ^->ΤΤ(15)] = (3.7±0.6)^ . (6.17) 
Comparing this result to the sum of branching ratios for the low energy 
transitions measured by the inclusive analysis, i.e. (15.9±2.2)Ji [CBALL85a], 
one observes complete disagreement. 
If, instead, one assumes the low energy transitions to be first, it is 
clear that the product branching ratio sum (6.17) is measured in the 
inclusive analysis by the branching ratio of the high energy line, since it 
corresponds to the (merged) secondary transitions. The latter is found to be 
(3.610.9)2 [CBALL85a], in excellent agreement with (6.17). 
For a second argument consider the following: If the high energy 
transitions would be first, our reasoning to explain the 'missing' third 
state in Section 6.2 would not make sense anymore. In fact it would become 
very complicated to explain why we do not see this state in our analysis. As 
explained above, assuming the low energy transitions to be second, the 
strength of the inclusively observed three low energy lines would become 
directly proportional to the strength of the lines observed exclusively. 
Given the fact that the efficiencies for detecting the Кг states are only 
weakly dependent on J (see Section 7·6), the observation of three lines 
inclusively would then completely disagree with our 'exclusive' observation 
of two lines only. 
We conclude that the low energy transitions must correspond to the first 
cascade step T(2S) -» TX¿. 
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Chapter 7 
DETECTION EFFICIENCIES 
To obtain branching ratios for the cascade reactions T(2S) •» ΥΧΓ, 
Xjj->YT(1S), T(lS)-»í+í" (e+e" or ц +ц"), we need to know the detection 
efficiency for each '(J,i)-channel'. Although the Crystal Ball covers a solid 
angle of as much as Э&%, in fact the space acceptance is reduced to ~ ЭЪ% 
because the endcap crystals are not used (Section 3.2.4). The gap between the 
two hemispheres (Section 3·2.2) introduces additional losses when detecting 
tracks near the equator plane. The finite resolution of the Ball further 
reduces its capacity to detect cascades, since a pair of tracks must have 
some minimum opening angle to be identified as two separate particles. Next, 
every detected event has to pass the data acquisition system. The trigger is 
designed to accept all cascades, but small ineffiencies occur because the 
trigger conditions do not cover all possible cascade topologies. In addition 
all hardware problems which occurred during the period of data taking, must 
be accounted for when calculating the effective detection efficiency. Last 
but not least, our selection procedure imposes cuts on the recorded data to 
separate the cascades from all other processes, which unavoidably introduce 
additional inefficiencies. 
Note that the detection efficiency is not a constant over the whole 
space angle. Because the angular distribution of the tracks in cascade events 
depends on the spin J of the intermediate x. state, we need to study the 
D 
detection efficiency for each J possibility separately. In addition the cuts 
to select ц-events differ from those used for e-events, and we should thus 
expect the efficiencies for the ц-channels to be different from those for the 
e-channels. 
In this Chapter we study the effects which contribute to the detection 
efficiencies of all (J,I)-channels. In Section 7.1 we describe how cascade 
events are simulated using the Monte Carlo method. In Sections 7*2 and 7*3 
these Monte Carlo events are used to determine the efficiencies of both the 
selection program and the data acquisition system. We do not use the Monte 
Carlo method to simulate the relatively complicated processes in the tube 
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Chambers. To calculate the efficiencies of the latter we use a different 
method described in Section 7A. Finally in Section 7·5 we combine all 
results and compute overall detection efficiencies. 
7.1 Monte Carlo Simulation Of Cascade Events 
We evaluate the efficiencies using the Monte Carlo method. Using random 
number generators, we first generate sets of 4 four-vectors corresponding to 
the final particles in the decay T(2S) •» TX¿, X¿->7T(1S), T(1S) •> i**". Next 
b b 
these generated Monte Carlo events are subjected to a simulated tracking 
through the Crystal Ball detector. This produces 'real' events which we then 
subject to a software simulation of the trigger and the selection cuts. The 
number of surviving events divided by the total number of generated events 
gives the detection efficiency for the corresponding cascade channel. The 
different steps are described in more detail below. 
7.1.1 Generation Of Four-Vectors 
Six samples of four-vectors are generated, for each of the three spin 
values (J = 0,1,2) and for both lepton channels. Each sample consists of 5000 
events. The DORIS-II finite bunch length (2.5 cm) is reproduced by generating 
a gaussianly distributed z-vertex position around the interaction point; the 
size of the bunches in χ and y can be neglected (see Section 3·!)· A 
generated event consists of 21 numbers: Ί·4=16 numbers representing the 
four-vectors of the final state particles, 4 numbers that identify the nature 
of each particle (ï, e or u) and finally the z-vertex of the event. The 
four-vectors are generated taking into account all angular correlations 
corresponding to the J value under consideration. The correlations are 
evaluated assuming that other than El transitions can be neglected (see 
Section 2.3). Also the DORIS-II transverse beam polarisation, P= (75±5)J! at 
the T(2S), is taken into account (see Section 3·!)· F o r the formulae used we 
refer to [Brown76]. 
7.1.2 Detector Simulation 
The simulated tracking of photons, electrons and positrons through the 
main detector is performed using the EGS Code System [Ford78]. EGS 
(Electron-Gamma-Shower) is a software package to simulate the development of 
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electromagnetic showers in an arbitrary medium, using the Monte Carlo method. 
Input to the code is the geometry of the detector and the space-boundaries 
and nature of the various media of the detector components. The particles are 
transported through the media taking into account the most significant 
electron, positron and photon interactions. The photon interactions 
considered are pair production, Compton scattering and photoelectric 
processes, while for charged particles the processes accounted for are 
Compton, Miller and Bhabha scattering, bremsstrahlung and positron 
annihilation. Particles are followed on their path through the different 
media (in our case the individual crystals) and bookkeeping is performed on 
the energy deposited in the various interactions occurring. The following of 
a particle is stopped when, after an interaction, its rest energy is reduced 
to 0.5 MeV or less; any time this situation is reached, all the remaining 
energy is added to the energy deposition of the last interaction. Any 
particle emerging from an interaction is dealt with in the same manner as the 
primary. The process terminates if no untracked particles are left; by then 
we know how much energy is deposited in each part of the detector. 
EGS is a widely used program and is known to simulate very accurately 
electromagnetic showers in Nal; in particular the Nal-line energy response is 
well reproduced. Highly energetic showers (like the ones induced by - 5 GeV 
electrons) contain hundreds of particles; in this case the program becomes 
rather time consuming. The simulated tracking of a single T(2S) -» TTe e~ 
cascade event (corresponding to about 10 GeV of shower energy) takes about 10 
seconds of CPU-time on an IBM-327O. 
We have implemented in EGS all important features of the Crystal Ball 
geometry: The individual crystals as well as the material in between the 
crystals (paper and aluminium foil); both the stainless steel that supports 
the hemispheres and the gap between them. Not implemented are the endcap 
crystals; this is however of no importance since an event with a track in the 
direction of the endcaps has only three tracks in the main detector and will 
for that reason be rejected anyway. 
In Figure 7-1 we show a typical T(2S) •» Пе*е~ event simulated by EGS. 
This is not (yet) a final Monte Carlo event used in our efficiency 
determination; the event is too 'clean' compared to a real event, as it does 
not include the machine background, omni-present in real life. We will deal 
with this problem in Section 7·1.3· 
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R U N : M O N T E C R R L O 
Figure 7-1 s Flatty of a Monte Carlo cascade event T(2S) •» ТХ^, 
xj;+TT(lS), T(1S) -»e^ -. 
Until now we only discussed the simulated tracking of photons, positrons 
and electrons. Muons do not shower but show up as minimum Ionizing particles. 
Their energy deposition follows the Landau distribution discussed In Section 
3.3· It turns out to be rather difficult to accurately simulate the energy 
deposition of muons using an EGS-type approach. The reasons have to do with 
the complexity of simulating the formation of í-rays, which cause small 
showers (see Section 3·3)· 
To simulate the energy deposition of muons in the Crystal Ball a 
different approach was chosen. A 'library' of I5OOO muon energy patterns was 
created from a sample of real e+e~ -» u+u~ events and each time the tracking of 
a muon had to be simulated, one of these patterns was selected at random from 
this library. In Figure 7-2 we show a Monte Carlo T(2S) + ТТц*ц~ event 
obtained by this technique. In principle this method ensures a correct 
computation of the muon selection efficiencies, since energy patterns from 
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real muons are used. However, the selection procedure used to identify 
e+e- •> u+u~ events may slightly bias the energy pattern distribution of the 
muons. The total systematic error, introduced by the above technique on the 
efficiency of the muon selection criteria (Equation 5·1) used in the cascade 
selection, is estimated to be 2%, at most, for events containing two muons. 
RUN! MONTE CRRLO 
Figure 7-2: Flatty of a Monte Carlo cascade event T(2S)->TX¿, 
X¿-»TT(1S). T(1S) ->uV. 
7.І.З DORIS-II Machine Background Simulation 
Comparing the events in our final sample of cascade candidates (see for 
example Figures 3~7 and 3~11) with events from the Monte Carlo sample 
obtained as described above, we note that in the latter no spurious energy is 
present (see Section 3·2.2). This extra energy, which is not associated with 
any of the four final state particles, is for a large part deposited in the 
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endcap crystals and in the tunnel regions, which are closest to the beampipe. 
This is nothing but the 'machine background', discussed in Section 3·2.2 and 
is due to beam-gas interactions. Machine background influences the detection 
efficiency and must therefore be included in the simulation. 
To simulate this machine background we use the DBM events described in 
Section 5·1·1· In Figure 7_3 a typical DBM event is shown. 
RUN: виге EVENT: IISSO DHTE: го-и-вг TIME: ІЗН MET 
Figure 7-3: Flatty of a typical DBM event. 
Each Monte Carlo event is merged with a DBM event, picked randomly from a 
'library' of about 1CK DBM events. To take into account the time-dependence 
of the machine background, this library was created in a luminosity-weighted 
way, i.e. the number of DBM events taken from a given run and added to the 
Imagine e.g. an extra 'particle' in the final state created by a beam-gas 
interaction, or a photon shower profile deformed by one or more spurious 
energy depositions. 
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library, was weighted by the luminosity of that particular run (the higher 
the luminosity the more events were used). The Monte Carlo events obtained by 
this method automatically have a correctly simulated background, and become 
'indistinguishable' from real cascades. In Figure J-k we show an example of 
such a final Monte Carlo event; it is in fact the same event as shown in 
Figure 7-2 after its merging with the DBM event shown in Figure 7~3· 
RUN: MONTE CRRLO 
Figure 7~^! Flatty of the Monte Carlo event shown in Figure 1-2, after 
is was merged with the DBM event shown in Figure 7"3· 
7.1.4 Monte Carlo Checks 
In Figure 7.5 we compare distributions for Е1/ЕЧ and Е4/Е13 of 10,000 
electron showers from real Bhabha events with the corresponding distributions 
from a same number of Monte Carlo simulated Bhabha showers. We observe that 
the electromagnetic shower profiles are well reproduced by the EGS 
simulation. Looking at the above comparisons in detail (i.e. comparing the 
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Figure 7-5! Comparison of shower characteristics from 5t000 Monte Carlo 
simulated Bhabha events with the corresponding distributions from an 
equal number of real Bhabha events: a) E1/E4 and b) E4/E13. 
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fraction of events in both data and Morte Carlo samples passing the photon 
cut) we find the maximum systematic error on the efficiency of the pattern 
cut used for selecting a pair of showers (Equation 5·6) to be 35!· 
The fact that we do not consider the endcap crystals in the shower 
simulation of the final state particles, may in the ji-channel cause a 
systematic error in the efficiency calculation of the cut on the endcap 
energy (Section 5.2.2). However, before this particular cut is applied, the 
event must have survived all previous cuts in the selection procedure; this 
means that all four final state particles must be in the main detector, so 
none of them can be in the endcaps. Furthermore, because we also require none 
of the particles to be in the tunnel crystals, all particles must be well 
away from the endcaps, that is, their full 'sum of 13' must consist of 
crystals within the main detector. Since, as a result of their minimum 
ionizing nature, muons deposit all their energy within these 13 crystals we 
only need to worry about photons. In Section 3·3 it was already pointed out 
that for electromagnetic showers only about 2% of their total energy is not 
contained within E13i of this fraction only about one third can be deposited 
in the endcaps. For a muon cascade we therefore expect at most about 4 MeV to 
be deposited in the endcaps by both photons. This thus corresponds to the 
maximum amount of energy not accounted for by the Monte Carlo simulation of 
ц-cascades that survive all cuts previous to the endcap energy cut. To make a 
conservative estimate of the introduced systematic effect we varied the cut 
on the endcap energy by 4 MeV, and found an efficiency change for this cut of 
0.5%· This will be taken into account later on when we calculate the total 
systematic error for the branching ratios. 
Another check of the quality of our Monte Carlo simulation is provided 
by the kinematic fit on the cascades. In Appendix В we show that using the 
angular resolutions for photons and leptons resulting from the Monte Carlo 
simulation, the fit yields correct distributions for the pulls and the 
confidence levels on real data. 
1
 If a photon is as close as possible to the endcaps (i.e. in the crystal 
layer immediately next to the layer of tunnel crystals), only about one 
third of the region of 13 crystals shares a boundary with the endcap 
region. 
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7-2 Selection Efficiencies 
To calculate for each (J,I)-channel the overall selection efficiency we 
apply all selection cuts to each of the six Monte Carlo cascade samples 
separately. The effect of the individual cuts was already shown in Table 5"1. 
where the efficiency of each cut was listed, averaged over all channels. In 
Table 7"1 the selection efficiency с? is given for each channel separately. 
Table 7~1 Selection efficiencies. Only statistical errors, 
resulting from the finite number of Monte Carlo events, are given. 
c5(TTe+e") c5(ï ïuV) 
J = 0 
J = 1 
J = 2 
0.225 ±0.007 
0 .28010 .008 
O.238 ±0.007 
J = 0: 
J = 1: 
J = 2: 
O.I87± O.OO7 
O.215 ±0.007 
O.I97± 0.007 
7.З Trigger Efficiencies 
To study the efficiency of the trigger in accepting cascades, we 
simulate the trigger in software and apply it to the Monte Carlo events that 
have survived the selection cuts. Using this ordering we make sure that only 
'recognizable' cascades are subjected to the trigger simulation, thus 
studying the pure cascade acceptance of the trigger. 
We only need to consider and simulate three triggers, the total energy 
trigger, the topology trigger and the u-pair trigger (see Section 3·3). since 
by a cut in our selection procedure we eliminate all events that are not 
triggered by at least one of these three (see Section 5.2.4). 
The trigger conditions clearly do not cover all possible event 
topologies for cascades. However, this kind of 'geometric' trigger 
inefficiency is easily calculable by translating the trigger conditions into 
Except for the cut on the tube chamber event-topology of course. The effect 
of this particular cut is discussed separately in Section 7A. 
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software constraints and applying the latter as cuts on the Monte Carlo 
cascades. 
It is possible that although an event meets all trigger conditions, the 
trigger nevertheless does not fire because of some electronic failure. For 
example it was discovered that, because of a hardware error, the energy 
deposited in two major triangles during some period of time was not added to 
the energy input for the total energy trigger. It is clear that e-cascades, 
whose electrons deposited most of their energy in these two specific major 
triangles may not get accepted by the total energy trigger, even though the 
total energy in the event was well above I7OO MeV. Such problems can again be 
easily included in the trigger simulation. 
It was also found that the electronic discriminators (see Sections 3·^ 
and 3-5) could be slightly inefficient for short periods of time; usually 
these incidences were caused by 'flaky' cable connections. To also include 
such effects, time-dependent efficiency curves were determined for all 
relevant electronic modules and were incorporated in the software simulation 
of the trigger. Note that using this method one can correctly take into 
account all problems that have occurred, without always exactly understanding 
the nature of each problem. 
The resulting trigger efficiencies εΐ obtained by applying the complete 
trigger simulation to the Monte Carlo channels are given in Table 1-2. We 
conclude that the triggers are in fact very efficient. The higher efficiency 
for the e-channels stems from the fact that ц-events always have too low a 
total energy to fire the total energy trigger, and thus effectively only have 
two triggers working for them. 
Table 7~2 Trigger efficiencies. The errors result from the finite 
number of Monte Carlo events. 
eJ(TTe+e")
 е
^(ТТц+ц") 
J = 0: 0 .99510.002 J = 0: О.988 ±0.004 
J = l : О.993 ±0.002 J = l : 0.989 ± 0 . 0 0 3 
J = 2: О.996 ±0.002 J = 2: 0.987± 0.004 
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JA Tube Chamber Efficiency 
In calculating the selection efficiencies we 'switched off' the chamber 
event-topology cut, since charged tracking is not simulated in the Monte 
Carlo data. To calculate the efficiency for this cut we have to know the tube 
chamber efficiency for identifying charged and neutral particles. 
Two different kind of effects can cause the chambers to be inefficient. 
First of all we have conversion effects; if a photon converts in the material 
of the first chamber, it will be identified as 'charged' by the second and 
third chamber. The second source of effects is connected with the chambers 
themselves; broken amplifiers, aging of the wires (requiring the lowering of 
the operational voltages) and even broken wires, cause a considerable 
decrease of the chamber efficiencies. Furthermore, if background radiation is 
high during bad running conditions, operational voltages frequently have to 
be lowered to prevent a chamber from discharging. Efficiencies ranged from 
above 80% (per chamber) during normal running conditions down to about half 
this value during bad periods. 
To calculate the total efficiency we used the final sample from the 
Crystal Ball analysis of the exclusive channel T(2S) •» π0ιτ0Τ(15) -» TTTTi+i" 
[CBALL85b], also collected during our T(2S) run. This sample, consisting of 
about 100 events, was obtained without any cut on the information from the 
chambers and the background is expected to be less than "}%. It thus provides 
us with a sample of 200 particles (the leptons) which we know to be charged, 
and a sample of about Ц00 particles (the photons) which we know to be 
neutral. By simply counting the number of leptons from this sample that are 
indeed seen as charged by the chambers we find ρ , the efficiency for the 
chambers to see a charged track as 'charged', to be 
P
c
 = 0.903 ±0.025 . (7.1a) 
and in the same way we find ρ , the efficiency of the chambers to see a 
neutral track as 'neutral', to be 
p
n
 = 0.962 ±0.011 . (7.1b) 
Note that the TTTTJt**- sample is automatically luminosity-weighted. This 
Tiny amounts of organic material, resulting from chemical interactions of 
the background radiation with the Magic Gas (see Section 3*2.3)· are 
continuously deposited on the wires. 
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ensures that the results (7.1) correctly reflect all time-dependent chamber 
problems and can be directly applied to other physics channels like the 
cascades. 
The cut on the event-topology in the chambers requires a cascade 
candidate to have two neutral photons and at least one charged lepton 
(Section 5.2.I). From (7.1) we thus calculate the efficiency c
c h for this cut 
to be 
c
ch • O n 2 ^ 1 - ^-'c) 2] ш O.92 ±0.02 . (7.2) 
This result is an efficiency per event and can be directly multiplied with 
the selection efficiencies given in Section 7*2, to obtain the total 
efficiencies of all cuts, including the charged cut. The error in (7.2) stems 
from the finite size of the TTTTt Jt~ sample and introduces a systematic error 
in the calculation of the total selection efficiencies. Note also from (7.2) 
that с
с
^ only weakly depends on p
c
, and the efficiency of the cut is 
practically controlled by the efficiency of the chambers to detect a pair of 
photons as two 'neutrals'; also the accuracy of ε ^ is almost completely 
determined by the error on p
n
. 
7-5 Total Efficiencies 
In Table 7-3 we list the total detection efficiencies Cj for each cascade 
channel, obtained from the results in Sections 7.2, 7·3 and 7·^· 
Table 7~3 Total efficiencies. Only statistical errors, resulting 
from the finite size of the Monte Carlo sample, are given. 
cJ(TTe
+
e") е
а
(ТТц*и ) 
J = 0: 0.206 ±0.007 J * 0 : Ο.17Ο ±0.007 
J = l : О.256 ±0.008 J « l : O.I96 ±0.007 
J = 2: 0.218 ±0.007 J = 2: 0.179 ±0.007 
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Note that the systematic effects, discussed in Sections 7Λ through 7A, 
introduce errors on these efficiencies which are much larger than the 
statistical errors given in Table 7_3· We will come back to this point when 
calculating the systematic errors on the branching ratios in Section 8.5· 
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Chapter 8 
BRANCHING RATIOS 
8.1 Introduction 
The branching ratio BR[a-»b + c] for a particular decay channel a •» b + с 
is defined by the the number of produced events of the type a -> b + с, divided 
by the number of produced events of the type a+ 'anything'. The number of 
produced events a+b + c is of course the observed number of such events, 
divided by the detection efficiency for this specific decay channel. 
Defining the product branching ratio 
BR(J.i) Ξ BR[T(2S) ·> TK¿] · BRtxj^TTUS)] · BR[T(1S) -» λ+*~] , (8.1) 
for the (J.Jt) decay chain: T(2S) ·» Ύχ·*, XjJ-> TT(1S), T(1S) •» l*t~, we thus have 
NjiTTl*!") 
BR(J,*) = , (8.2) 
N
res
[T(2S)]-
ej(TTA
+i-) 
where Nj(YYi Jt~) is the number of observed events in the (J,i)-channel, 
Cj(-ni*t~) the total detection efficiency and N
res
[T(2S)] the total number of 
produced T(2S) decays. 
In Section 8.2 we determine the Nj(TYl+A_) for J = 2 and J = l. An upper 
limit for NQ(YTX+Jt_) is derived in Section 8.3· Possible background processes 
for the cascade reactions are discussed in Section 8.4. In Section 8.5 we 
calculate the BR(J,1), using the result for N
res
[T(2S)] from Section ЦЛ and 
the efficiencies Cj(YYJt+X~) from Table 7-3. In Section 8.6 we use the 
branching ratios BR[T(2S) -» YXj;] obtained by the inclusive analysis of this 
experiment to derive results for the BR[x¡* -> YT(1S) ]. Finally in Section 8.7 
we compare our results to a previous cascade experiment. 
- 127 -
8.2 Observed Number Of Cascade Events 
To obtain the number of observed events in each channel we fit the Εγ, 
spectra from the u-candidates and e-candidates separately. In Figures 8-la,b 
we present these fits using two Nal-line shapes on top of a flat background; 
they are analogous to the fit of the Εγι spectrum for both channels 
combined shown in Figure 6-1. 
> 
0) 
1Л 
и 
-t-> 
с 
> 
100 150 
E,Low (MeV) 
о 
200 50 
-•yLOW (MeV) 
200 
Figure 8-1: Ε γ ^ ^ for the u- and e-channels separately. For each 
distribution, the curve represents a fit with two Nal-line shapes of 
fixed width on top of a flat background. 
The results of the individual channel fits are listed in Table 8-1. Note the 
good agreement with the results from the combined fit (see Table 6-1). 
To investigate possible systematic errors introduced by the fit 
procedure we used different type of fits (higher order polynomial 
backgrounds, free widths, and free Nal-line shape parameters) on the combined 
^Tlow spectrum. The total Εγ^ spectrum was used to keep the influence of 
statistical fluctuations to a minimum. From these results we estimate the 
systematic effect on N2 and N^ to be k% and 3% respectively. 
1
 We used the same fit function F(ETlow) defined in Equation 6.1. 
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Table 8-1. Results for Nj and Ej from the fits to the E T l o w 
spectra, represented by the solid curves in Figures 8-la,b. Only 
the statistical errors are given. 
E 2 (MeV) 
E 1 (MeV) 
N2 
N l 
Backgrounda 
U-channel 
108.3 ± 1 . 9 
131.7 ± 1 . 4 
+4.7 
1 5
·
5
- 4 . 1 
-4.8 
+3.1 
3
·
7
- 2 . ο 
e-channel 
106.0± 1.4 
131.8± 1.3 
+5.1 
1 9
·
6
- 4 Λ 
+6.1 
2 9
·
8
- 5 . 4 
-Cl 
a
 Integrated over the fit region 50 MeV S Ε
γ 1 ο ν ί S 200 MeV. 
8.3 The J = 0 Channel 
It was already mentioned in Section 6.2 that we find no evidence in the 
exclusive channels for the xH state, which was first observed by an inclusive 
analysis of this experiment at a photon transition energy of (163.8± 3·1) MeV 
[CBALL85a]. 
To obtain an upper limit for the possible reactions T(2S) ·» ΎΧ":, 
X°-»TT(1S), T(1S) +A +A~, we include a third Nal-line shape in the fit to the 
Εγ, spectrum of both lepton channels combined (see Figure 6.1). We weight 
the position of this third line by a gaussian peaking at I63.8 MeV and with a 
width of 3.1 MeV. Using again a flat background, b, the fit function now 
becomes 
F(E) = Ν2·8(Ε2-Ε,σ2) + Ν1·8(Ε1-Ε.σ1) + Ν0·Ι(Ε) + b , (8.3) 
where N.. E. and Œt stand respectively for the number of events in the 
lC^ (J = i) peak, the position and the width of this peak, and S is the 
(normalised) Nal-line shape (see Appendix A). 1(E) is the weight-integral 
defined as 
1(E) Ξ —r- Γ 5(Ε'-Ε.σ
Ε
,) ·εχρ[-(Ε
γ
-Ε·)2/2σ
γ
2] -dE' , (8.4) 
OVV2n _¿ 
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with Ε
γ
 = 163.8 HeV and σ
γ
 = 3·1 MeV. We then study the likelihood, L, of the 
fit for fixed values of N Q , leaving all other parameters (Np, E?' ^1· ^ 1 a n ^ 
b) free. As before the widths, ст,, are constrained to the energy resolution 
of the detector (Equation 6.2). In Figure 8-2 L is plotted as a function of 
N Q . The 30% confidence limit A is given by 
.A 
,1 L( No) dN, 0 
S L ( No ) 
0.90 (8.5) 
dNn 
and is indicated in Figure 8-2 by an arrow. We thus find 
N 0 < 3.7 events {30% C.L.) (8.6) 
X) 
о 
о 
О) 
> 
о 
φ 
et: 
Figure 8-2: The likelihood L of the fit (see text) as a function of NQ, 
the number of events in J=0 channel. The units of likelihood are 
arbitrarily chosen such that the maximum likelihood equals one. The 
arrow indicates the boundary corresponding to 30% of the surface below 
the curve. 
8.4 Background Processes 
In all our fits to the Εγπ spectra we assumed a flat background. In 
fact, results change only very slightly (3-4/&), when using different types of 
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fits. This uncertainty in the number of observed events, partly resulting 
from the unknown background, will be introduced in Section 8.5 as a 
systematic error on the branching ratios. 
Without understanding the exact nature of the background, we can 
estimate its magnitude using a method independent from the fit. In Figure 8-3 
we show again (part of) the scatterplot of λΜ versus Ε
γ 1 ο ν (, for all events 
with final state У(1+1~ that survive the cuts prior to the final cut on ΔΜ. 
The solid lines indicate the so-called 'side-bands', i.e., the regions on 
both sides of the signal region (see Section 5.3.2). Assuming that the 
background behaves smoothly in a reasonably small ΔΜ interval, we can 
estimate the background in the signal region by counting the events in the 
side-bands. They are chosen to be Зс-wide each, to obtain an estimate which 
can be directly compared to the fit-result for the background in the 
(6a-wide) signal region. Counting the events that have 50 MeVS E Y l o wá200 
MeV we find in total 13 events: 6 events in the lower side-band and 7 events 
in the upper side-band (see Figure 8-3)· The background result from the fit 
+ 4 3 
was found to be 7.4 'z, events, in acceptable agreement with the 
sideband-count. 
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Figure 8-3 : Part of the scatterplot which was already shown in Figure 
5-7. The signal region and side-bands (see text) are indicated. 
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Let us now discuss the possible nature(s) and size of the background for 
the Iti I final state. Below we discuss the channels which - in principle -
can contribute to the cascade sample as it is selected using the cuts 
described in Chapter 5· 
a) Τ(25)+Τη£, n¿-»YT(lS), T(1S) -> І+*". 
The contamination from this double Ml(!) radiative decay is expected to be 
negligible (see Section 2.3). 
b) T(2S) +11'Τ (IS), π' -»TT, T(1S) +l+l~. 
This decay violates isospin symmetry and is therefore also expected to be 
negligible. 
c) T(2S) •» T>T(1S), η-»TT, T(1S) -> ί+ί". 
The minimum photon energy from the decay of the л is about 218 MeV, 
kinematically excluding this reaction for the photon energy range 
considered in the fit (50 MeVS E T l o w£ 200 MeV). For a more detailed 
discussion on this SU(3) violating decay we refer to Appendix C. 
d) T(2S)-»TX¿, xJ-»TT(lS), T(1S)->T +T". 
The cascade channel can receive a contribution from this reaction when 
either both τ's decay into evv or both into uvv. The probability that the 
Τ (IS) -» τ +τ~ process yields a double electron or a double muon final state 
is about 6% [PDBook84]. To pass the selection cuts however, the e- or 
ц-раіг also has to be (nearly) back-to-back, and the event has to pass the 
kinematic fit. Clearly the undetected neutrinos, which carry off momentum, 
will frequently prevent the required event configuration. Using a Monte 
Carlo simulation of the leptonic decay of the τ, we calculate the 
efficiency due to these two effects to be about 7%. The total probability 
for the T-channel to simulate u- or e-cascades thus is about 0Л% compared 
to the combined e- and u-channels, resulting in an expected contribution 
to the final event sample (100 events) of less than one event. 
In principle, also hadronic decays of the τ-lepton could fake a muon 
signal. To study a possible contribution we again simulated 5000 events of 
the type T(2S) •» TX , X -»TT(IS), Τ(13)-»τ+τ", taking into account all 
known non-leptonic decay modes of the τ; we found no surviving events. 
This indicates a selection efficiency for such decays of less them 0.055! 
and we clearly can neglect this background . 
In Appendix D we discuss a detectable τ-cascade channel, which however, 
does not contribute to the background as considered here. 
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e) T(2S) •» Ti'n'rdS) +TTTTT(1S), T(lS)->t+l". 
This reaction can fake a cascade if two photons from the π decay escape 
detection. It is clear that such events will difficultly survive the final 
selection cuts, which deal with energy conservation (see Section 5-3)· To 
study a possible 'leak-through', a Monte Carlo sample of 5000 events in 
this channel was generated. After subjecting this sample to the selection 
chain, one finds that about 5% of these events pass the topology cuts and 
clean-up cuts (Sections 5-1 and 5·2). All of these surviving events, 
however, are eliminated by the subsequent kinematic fit and ΔΜ cut 
(Section 5-3). leaving a total selection efficiency for this reaction of 
less than 0.05%. Using the measured branching ratio of this decay channel 
(about 8% [CBALL85b]), this corresponds to an expected background 
contamination of much less than one event. 
f) T(2S) + n+n"T(lS), T(1S) -> t * r . 
The measured branching ratio for the decay channel T(2S) •» n n-T(lS) is 
about 17% [CBALL85b]. To contribute to the background both pions have to 
fake photons. In Section "JΛ we found the probability that a charged 
particle is identified by the tube chambers as such to be about 30%. 
Therefore in only about 1% of these events both pions will be seen as 
neutral. In order for the event to simulate a cascade, both pions 
subsequently have to fake a photon shower pattern; furthermore they both 
must deposit practically all their energy to survive the final cuts of 
Section 5·3. which test energy conservation. To investigate this 
background contamination we used the measured T(2S) +π n-T(lS) sample 
collected during the same run [CBALL85b]. This sample was obtained by a 
set of cuts optimized for this channel (using no pattern cuts but 
including a cut that demands both pions to be charged), and consists of 
I69 events. If we subject these events to the cascade selection cuts 
(excluding of course the cut on the event-topology in the tube chambers) 
none survive. Taking into account that the chamber cut, as noted above, by 
itself would multiply the detection efficiency by another 0.01, we 
conclude that the channel T(2S) +n+n~T(lS) has no chance of contributing 
to the background. In addition a Monte Carlo simulation also indicates 
that the background contamination due to this channel can be neglected 
completely. 
g) T(2S) ·» ТГІ*І~, double radiative Bhabha. 
The formulae for double radiative Bhabha processes have been derived 
[CALKUS'ta.b] but no event generator for Monte Carlo purposes is available 
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yet. To obtain an estimate for this background we therefore use the Τ(IS) 
sample (see Section k.k). Subjecting this sample to the cascade selection 
cuts, one obtains 4 events in the e-channel and 1 event in the u-channel. 
Scaled to the size of the T(2S) sample we thus find a background in the 
e-channel and u-channel of (8±4) events and (2±2) events respectively . 
These values are in agreement with the results from the fit (see Table 
8-1). The fact that for this background estimate we use real data instead 
of a Monte Carlo simulation has an important advantage: Unknown background 
processes, other than double radiative Bhabha, which may fake cascade 
events and occur at the same rate at both Τ resonances, are automatically 
included in this background estimate. 
We conclude that the only background which the cascade channel suffers from 
is the double radiative Bhabha reaction and that the measured magnitude of 
this background is in agreement with an estimate obtained at the Τ(IS) 
resonance. 
8.5 T(2S) -> ТХ
Ь
, xb·» TT(1S) Branching Ratios 
From the efficiencies Cj(TTJt+i_) listed in Table 7-3, the observed 
numbers of events Nj(TTi l~) obtained in Sections 8.2 and 8.3, and the total 
number of produced resonance decays N [T ( 2 S ) ] derived in Section 4.4, we 
can now calculate the product branching ratios BR(J,i) defined in Equation 
8.1. 
Before actually doing this we list in Table 8-2 the systematic errors 
which contribute to the uncertainty in the BR(J,i). 
Table 8-3 gives the product branching ratios BR(J,i), calculated from 
Equation 8.2. Note that the branching ratios for the electron- and 
muon-channels are in excellent agreement. 
Assuming lepton universality we combine the results for both channels by 
taking the weighted averages 
BR(2,i) = (4.4±0.9±0.5)-lO"i' . (8.7a) 
BR(1,A) = {5.U±0.9±0.7)-10~'i . (8.7b) 
We did not correct for the fact that trigger settings were different during 
T(1S) runs. This may affect the background estimate in the μ-channel by a 
factor of 2. 
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Table 8-2. Contributions to the systematic errors on the product branching 
ratios BR(J,Jt). 
Source of uncertainty Section u-channel 
J=2 J=l 
e-channel 
J=2 J=l 
Finite Size Monte Carlo Sample 
Photon Pattern Cut 
Non-Simulation of Endcap Crystals 
Muon Simulation 
Chamber Efficiency 
Fit Procedure 
7.5 
7.1.4 
7ЛЛ 
7.1.2 
7-4 
8.2 
4.4 
4?! 
355 
η 
2% 
2% 
4% 
8% 
4* 
1% 
1% 
2% 
2% 
32 
8* 
32 
32 
-
-
22 
42 
82 
32 
32 
-
-
22 
32 
82 
Final Errora 112 112 102 102 
Computed by combining the sub-errors in quadrature 
Table 8-3. Product branching ratios BR(J,i) as defined 
in Equation 8.1. 
BR(2,e) 
BR(l,e) 
BR(2,u) 
BR(l,u) 
(5.8lì;f ±о.6)-іо~ц 
(4.313:;^  ± 0.5) -ю-1* 
•1.4 (5.8:Î;5±0.6)· 10" 
We could calculate an upper limit for the corresponding BR(0,i) by 
dividing the result for N Q (Equation 8.6) by the detection efficiency 
с0(ТПГІ
+
Д") and N
r e s
[T(2S)]. Such a simple calculation, however, would not 
include (possibly 'negative') effects from systematic errors. Instead we 
follow a different approach: We derive the probability P(x) that BR(0,i) =x, 
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from the likelihood function L(NQ) presented in Figure 8-2; in this 
calculation systematic errors are taken into account by assuming a gaussianly 
distributed efficiency, e, with a mean of CQ(YTJI+I-) and a width of 11% . The 
905! confidence limit, A, is then given by 
J P(X) 
Sp(x) 
dx 
— = 0.90 . (8.8) 
dx 
We solve Equation 8.8 numerically and from its solution, λ = 5·1"10~ , we 
obtain 
BR(0,i) < 5-10"5 (90* C.L.) . (8.9) 
Using the present world average for the branching ratio 
BR[T(1S) +1*1'] = Ο.Ο28± O.OO3 [PDBook84], we can calculate from the results 
for BR(J,i) in Equations 8.7 and 8.9 the product branching ratios 
BRj Ξ BR[T(2S) -• TXjM · BRfx^ ·» ΎΤ(18)] , (8.10) 
i.e., 
ВИЗ = (1.6±0.3± 0.2)*: , (8.11a) 
BR1 = (2.1±0.3±0.3)2 . (8.11b) 
BR0 < 0.2% O0% C.L.) . (8.11c) 
Since BRj represents the fraction of T(2S) decay that proceeds via the XJ* 
state to the Τ(IS), we note that the sum of the BRj must equal the total 
branching ratio of the daughter lines in the (410-440) MeV region, measured 
by the inclusive analysis of this experiment [CBALL85a]. The latter was found 
to be (3.6±O.?t 0.5)^, in good agreement2 with y(BRj). 
Clearly it is reasonable to expect systematic effects to be the same in the 
J = 0 channel as in the J =1,2 channels. The gaussian approximation is 
justified by the sufficiently large number of sub-errors. 
This agreement was used in Section 6.5t to settle the 
'Which-Came-First' - Ambiguity. 
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Apart from the systematic error on the BRj due to the finite size of the 
Monte Carlo samples, the systematic sub-errors listed in Table 8-2 are common 
to the J = 2 and J = 1 channels. In calculating the ratio BI^/BR^ they cancel 
and one finds 
BR2 
= 0.76±0.19±0.04 . (8.12) 
BRj^  
8.6 K. •» TT(1S) Branching Ratios 
The X. states have in essence two decay modes: The hadronic decay mode 
(see Section 2Λ) and the radiative decay mode Χ.+ΤΤ(23). For the latter we 
can derive branching ratios BR[x¡'•» TfT(lS) ] by combining our results (8.11) 
for the product branching ratios BRj, with the results for the branching 
ratios BR[T(2S) ·» TXj!] obtained in the inclusive analysis of this experiment. 
In [CBALL85a] it was found that 
BR[T(2S) ->T)C^ ] = (5.8±0.7± 1-0)% , (8.13a) 
BR[T(2S) -»τχΐ] = (6.5*0.7*1.2)2 , (8.13b) 
BR[T(2S) • ΪΧ°] = (3.6±0.8± 0.9)2 . (8.13c) 
Combining these values with the results (8.11) we obtain 
BR[X2
 +
 YT(1S)] = (27± 6±6)2 , (8.14a) 
BR[x^TT(lS)] = (32±6±7)2 . (8.14b) 
BR[X°+YT(1S)] < 6% {30% CL.) . (8.14c) 
The systematic errors are calculated by quadratic combination of the two 
systematic errors on the input quantities, after leaving out the common 
uncertainty in N
res
[T(2S)], which cancels in the ratio. 
The importance of the branching ratios (8.14) will become more clear in 
the next Chapter where they will be used to derive the hadronic widths of the 
X. states. The latter will enable us to test QCD in a new way. 
D 
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8.7 Comparison With A Previous Experiment 
In Table 8-4 we compare the results from Sections 8.5 and 8.6 with 
previously published results from the CUSB collaboration [CUSB83a,b]. 
Table 8-4. Comparison with previously published values by the CUSB 
collaboration. The errors are evaluated by combining the statistical and 
systematic errors in quadrature. The BR(J,i) are defined by Equation 8.1. 
Ratio This experiment CUSB 
BR(2,Í) (4.4± 1.0)·10"/* (3.4 ± 1.4)-IO-4 
ΒΗ(Ι,Α) (5.8 ± 1.1)-Ю"1* (6.7 ± 1.5) -io"1* 
BR(0,¿) < 5·10"5 (90% CL.) < 11·10-5 (90% CL.) 
ΒΗ(2.*) 
BR(l.Jt) 
0.76±0.19 0.51 ±0.25 
ΒΗ[χ2
 + γτ(15)] (27 ±8)2 (20 ± 10)% 
BR[x¿ + TT(lS)] (32 ±9)2 (41 ±14)2 
BR[X°4 TT(IS)] < 62 (902 CL.) < 122 (902 CL.) b 
BR[X£->TT(IS)] 
BR[xj!;-»TT(lS)] 0.85 ±0.26 0.49 ±0.30 
We conclude that the results from both experiments agree within error. Note 
that the errors from this experiment are overall smaller than the errors on 
the CUSB values. In particular we obtain upper limits for the Xz branching 
ratios which are about a factor two lower than the corresponding results from 
CUSB. 
Since theoretical predictions for these branching ratios involve both 
hadronic and radiative widths of the X. states, we will postpone their 
b 
comparison with our experimental results to the next Chapter. 
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Chapter 9 
HADRONIC WIDTHS OF THE Xv STATES 
— D 
9.1 Introduction 
As discussed in Chapter 2, the non-relativistic X. states provide an 
D 
ideal testing ground for perturbative QCD because of their relatively small 
size. The calculations for the gluonic widths of these states are available 
to lowest and first order (see Section 2.4). The most direct way to test 
these predictions would be to measure the total X. widths and use the 
b 
branching ratios derived in the previous Chapter. However, as of now a 
measurement of these total xH widths has not been performed; because of their 
positive C-parity we cannot directly produce the Xr states in e+e~ 
D 
interactions. In principle one could derive the X¿ natural line widths from 
b
 τ 
the measured widths of the E--. lines; we found however that the Xj! widths 
are small compared to the energy resolution of our detector (see Section 
6.4). The best way to directly measure the widths of such states may well be 
to directly produce these particles in hadron-hadron interactions [Bugge85]. 
For now, we use an indirect way to arrive at the XJ: hadronic widths. The 
radiative branching ratios BR[x¿] Ξ BR[x¡J + ÏT(1S) ] are related to the partial 
widths rad[xJ] = r[xJ*TT(lS)] by 
BR х Л = p^T . (9.1) 
b rtotK] 
where Г^^С^к] represents the total width of the Xj? state. Using 
rtot[*¿] = rradK] + îW^ - (9-2) 
one can express the hadronic width Г^аа^Ь^ i n t e r m s of' t h e radiative width 
of the X¿ state and the branching ratio BR[xjJ] 
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rhad[x¿] = rrad[x¿] BR[x¿] (9.3) 
In Section 9·2 we discuss theoretical estimates for the radiative widths 
rra(j[lC¡!]· In Section 9·3 these estimates are substituted in Equation 9·3 and 
used to derive hadronic widths from our branching ratios (8.1Ί). I n Sections 
9.4 and 9-5 we compare the fhad^hl with predictions from QCD to lowest and 
first order. 
9.2 Theoretical Estimates For The X. Radiative Widths * — ___ [j 
In Section 2.3 we discussed that, taking into account relativistic 
corrections, radiative widths in cc systems can be reliably estimated using 
an El matrix element. This is expected to be even more true for bottomonium, 
since ЬБ is considerably less relativistic compared to charmonium. Indeed, 
theoretical calculations for the dipole transitions T(2S) -> Т Е І Х Ь a r e * n S°od 
agreement [Nems85] with the measured branching ratios BR[T(2S) ·» TXr], 
obtained from the inclusive analysis in this experiment [CBALL85a]. 
Since a measurement of the total width of the X. states is not 
b
 T 
available, we cannot check 'El-theory' for the transitions XJ:-»TT(1S) with 
experiment in an absolute way. However, a priori one does expect such 
theoretical calculations to be even more reliable than those for the 
transitions T(2S)->TXji, because, as has been shown by McClary and Byers 
[МсСІавЗ], the absence of a node in the wave function makes the calculations 
less sensitive to small corrections to the wave function (see also Section 
2.3); note that the Xj? states are l^Pj states while the T(2S) is a 2^5^ 
state. Using Equation 2.36 we therefore have 
rrad[*¿] - - « кЗ li2 , (9.4) 
where α-1/137. І^ is the El matrix element defined by Equation 2.^4, and kj 
is the photon energy in the transition XJl-» ΎΤ(13). 
The kj can be calculated from the Xr masses, Mj, as measured in this 
experiment (Equations 6.10 and 6.11), and the well-known T(1S) mass, 
M 1 S = (9460.0 ±0.3) MeV [PDBookSO; applying 
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k J = 
(Mj-Hls) 
2MT 
(9-5) 
we obtain 
k 2 = (Щ5.3± 1.5) MeV , 
k1 = (421.4± 1.4) MeV . (9-6) 
k 0 = (390.2 ±3-0) MeV . 
In Table 9-1 we list rrad[x¡?] for a range of potentials. 
Table 9-1. Widths for the transitions xj*-» TT(1S), calculated according to 
Equation 9·^ι using the measured photon energies (9.6) and l/ from the 
references listed. 
Potential 
(GeV) -2 
ГгЛФ 
keV 
40 
36 
43 
41 
44 
33 
39 
"•«dt^l 
keV 
34 
31 
36 
35 
37 
28 
33 
TradK 
keV 
27 
24 
29 
27 
29 
22 
27 
[BuchmSla] 
[EichtSl] 
[Gupta85b] 
[Hagiw83] 
[Marti8l] 
[McCla83] 
[Moxha83] 
1.26 
1.14a 
1.35 
1.28a 
1.37a 
1.02 
1.24b 
a
 The numerical value for 1/^  has been taken from [01sso85]. 
This value corresponds to their spin-averaged result; spin corrections 
change the Tg^ by less than 1 keV. 
All models give similar results. In the derivation of the hadronic 
widths (see the next Section), we will use the prediction for Ij by Gupta 
et al. because, at present, this model yields the best numerical agreement 
with our measurements for the Xr center of gravity and for the splitting 
D 
parameter г (see Tables 6-3 and 6-4). It should be mentioned that, at this 
point, this finding might be just a result of a judicious choice of the 
parameters in this (recent) model, rather than a consequence of being more 
'physically correct'. 
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д.З Derivation Of The X. Hadronic Widths 
Using Equation 9-3 ела the above mentioned values for Γ ¿Jx, ] from 
[Gupta85b], one can derive the hadronic widths Thad^h^ 
rhad[*b] = (ll6±/*8) k e V · (9.7a) 
rhadlxy = (77±32) keV , (9.7b) 
rhad[x°] > 520 keV (90?! C.L.) . (9.7c) 
The errors given are purely experimental, i.e. they do not include model 
uncertainties. We should stress however that the results (9-7) themselves are 
not pure experimental results, since they contain a theoretical calculation 
of rrad(1'h^· nevertheless, as argued above, the uncertainty introduced by 
using this input is expected to be rather small. Using an average of all 
theoretical predictions for I* would change the values (9·7) by only 10?!. 
For the non-relativistic XJi, !< is independent1 of J and therefore the 
potential model dependence cancels in calculating the ratios 
rhad[xì] 
0.68±0.30 , (9.8a) 'h dL'V 
rhad[xb] 
ρ-ρτ > 4.1 (90?! C.L.) , (9.8b) 
were common systematic errors are taken into account. 
9.4 Comparison With QCD Ratio Predictions 
The most objective way to compare the )t¿ hadronic widths derived above 
D 
with QCD predictions, is through their ratios. First of all, as mentioned 
above, the potential model dependence cancels in the experimental ratios 
(9·8). Also the QCD calculation of these ratios becomes potential model 
The statistical and systematic errors on the branching ratios (Equation 
8.14) are added in quadrature. 
In fact, Moxhay and Rosner do find a spin dependence of a few percent with 
their potential [Moxha83]. 
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independent since a cancellation occurs for the derivative of the wave 
function at the origin (see Equations 2.47 and 2.48). Finally, as was noted 
in Section Ζ.Ί, the ratio rhadiXb^rhad[Xbl ^ ' t 0 f i r s t order in oc
s
, 
renormalization-scheme independent (see Equation 2.56). 
To compare the experimental results (9·8) with the corresponding QCD 
predictions to lowest order (Equations 2.47 and 2.48) and to first order 
(Equation 2.56), we need to determine « . The parameter α is dependent both 
on the QCD mass scale and the renormalization scheme used. We are going to 
use the so-called Mackenzie-Lepage scale [MackeSl]. In this scale, the first 
order QCD correction for the ratio of the gluonic and leptonic widths of the 
Τ(IS) vanishes, provided one uses the MS renormalization scheme and a mass 
scale и=0.48*М^о. Thus the lowest order prediction for this ratio becomes 
exact (up to corrections of order oc/n ), and we have from Equation 2.Ί3 
3
 2 eiÇeg) rhad[T(lS)] 
«= = 0Г ñ : г · (9-9) 
S
 l0(n2-9) r
uu
[T(is)] 
where α - 1/137 and e^ is the bottom-quark charge. With 
rtot - rhad + rTgg + З Т
В Ц
 • Н Т
Ц Ц
 , (9.10) 
the ratio rhad/ruu c a n ^® expressed in measurable branching ratios 
rhad 1" BTfgg"3- B
u u
-R- B
u u 
uu uu 
(9.11) 
where R = {σ(β+β" -» had)/a(e+e" -» ц+ц") } , Eygg = BR[T(1S) ·» Τ + had] and В ц ц = 
BR[T(1S) -> u+u~]. Using the weighted average BTgg = (2.8 ± 0.2)% from CLEO 
[CLE083] and CUSB [CUSB8'»], the weighted average R= 3.39 ±0.13 from Crystal 
Ball [CBALL84] and LENA [König85]. and В
ц ц
 = (2.8 ±0.3)5! [PDBook8O we obtain1 
a. = 0.170 ±0.007 - (9.12) 
Since we use more recent experimental results, this value for <KS differs 
slightly from the result presented by Mackenzie and Lepage in their paper. 
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In Table 9-2 we compare our results (9.8) with QCD predictions to lowest 
and first order in α . For α we take the result (9.12), where we make the 
approximation that the result for α obtained at the Τ(IS) mass can be used 
for the Xj* mass region. The formula for Г ь а а ^ ь ^ Ь а а ^ ь ] ( E <3 u a t i o n 2.48) is 
evaluated using the approximation (2.50). 
Table 9~2. Comparison of experimental ratios of the hadronic widths for the 
Χ" states and the corresponding QCD predictions to lowest and first order. 
Ratio 
rhad[*b] 
rhad[*b] 
This experiment 
> 4.1 (30% C.L.) 
0.68±0.30 
QCD<0> 
[Eq. 2.47] 
= 3-75 
[Eq. 2.48] 
= О.ЗОіО.01 
QCD(1) 
[Eq. 2.56] 
= 5.7±0.1 
not known 
In calculating the error on the QCD predictions, only the error on о was 
taken into account. 
As discussed in Section 2.4 the theoretical calculation for the ratio 
rhad[x¿]/rhadtxb] i s l e s s c e r t a i n t h a n t h e o n e f o r rhad[xb]/rhad[xb] b e c a u s e 
of a singularity in the gqq - channel of the Xj; decay. Also, the first order 
QCD correction to the hadronic decay of the Xr has not yet been calculated. 
From Table 9-2 we note that theory is in reasonable agreement with 
experiment. 
9.5 Comparison With QCD Absolute Predictions 
The QCD predictions for the hadronic decay of the Xj; states to the 
minimum possible number of gluons are given by Equations (2.44-2.46). All 
calculations1 involve the derivative of the wave function R^p(r) for r = 0. In 
Table 9-3 we list ÏR'jpiO)!2 for a range of potential models. Note that, with 
the exception of [МсСІавЗ], the predictions of all models are in reasonable 
agreement. 
For a more detailed discussion we refer to Section 2.4. 
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Table 9-3. Predictionsa for R'^plO), the slope of the radial wave 
function at the origin of the X, states. 
b 
Potential 
[Buchm8la] 
[Eicht8l] 
[Gupta85b] 
[Hagiw83] 
[Marti8l] 
[McCla83] 
[Moxha83] 
|R'ip(0)l2 
(GeV)5 
1.42 
1.39 
1.56 
l M 
1.34 
1.96 
1.53 
a
 The values were obtained from private communication with the authors, 
except for the potentials [Eicht8l], [Hagiw83] and [Marti8l], where 
values published in [01sso85] were used. 
To calculate the QCD hadronic widths we again will use the prediction 
for JR' (0)| by Gupta et al. (see Section 9·2). Using an average of all 
predictions would change the theoretical results by less than 10%. As 
discussed in Section 2.4, the first order QCD corrections (Equations 2.53 and 
2.54) are renormalization-scheme dependent. We choose here to remain 
consistent with the Mackenzie-Lepage picture (see the previous Section), and 
calculate these corrections in the MS scheme. The latter implies that we can 
apply Equation 2.55: Using μ = 0.48·Μ15 and taking m b = 4.9 GeV (as we did in 
Chapter 2), we have 
Dfig * -Ο.92 . (9.13) 
Substituting this value in Equations 2.53 and 2.54 we finally obtain 
rhad[xbl: Q C D ( 1 ) = Q C D ( 0 ) •(1 + 0-oi»-T) . (9.14a) 
rhad[xbJ: ^"' ' '**"'' ^ - 7 · ; -
л 
•ΊιβάΓ^]' Q C D < 1 ) • QCD^0'·(1 + 9.5—) . (9.14b) 
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where QCD^ ' and QCD*U' represent respectively the lowest and first order 
calculations. 
In Table 9"4 we compare the 'measured' hadronic widths (9·7) with the 
corresponding QCD calculations to lowest (Equations 2.44-2.46) and to first 
order (Equations 9-l4a,b). Like in the previous Section we use 
ot = O.I7O ± O.OO7 and the approximation (2.50); for the bound state mass we 
take M^p = 9.90 GeV, i.e. the measured center of gravity of the Xjl states 
(Equation 6.12). 
Table 9~4. Comparison of the 'experimental' hadronic widths (in keV) for the 
X. states and the QCD predictionsa to lowest and first order. 
о 
State Derived Width QCD(0) QCD^1^ 
r h a d ^ ] 116 ± 48
 [ E q
-
2
-
4 6 ] [ E q
-
9
-
l 4 a ] 
Л а с 1 b
 120 ± 10 120 ± 10 
г Γγΐΐ in + чр '•Eq' 2·^^] not known 
rhadl-V 77 ±32
 3 6 ± / , 
r m [Eq· 2.44] [Eq. 9.l4b] 
r
w i X? > 520 (905Í C.L.) L J L J 
hadL bJ ^ 451 ±37 682 ±49 
a 
taken into account 
In evaluating the errors on the QCD predictions, only the error on α was 
As argued before, the QCD calculation for the gluonic decay of the Xj; is less 
reliable than for the XT. and X^. We nevertheless observe good agreement 
о о 
between the 'experimental' widths and the theoretical predictions in all 
three cases. 
The one-loop QCD correction to Г^ J[X^] almost vanishes (at least with 
the assumptions made here), indicating that the QCD prediction is 'stable'. 
The numerical calculation is however rather sensitive to the value of o(g 
used. Leaving ot free, and comparing the QCD prediction with our value for 
rhadtXhb t h u s P r o v i d e s a determination of otg. Using for Mjp and (R'jpiO)! 
the same values as before, we obtain 
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«g = 0.17± o.crt (9.15) 
where only experimental errors have been taken into account. This result is 
in good agreement with other determinations of α (for a review see 
[DukeM]). 
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Chapter 10 
CONCLUSIONS 
? 1 
We have observed the production of the Хг^  and Xr in the exclusive 
D b 
reaction 
e
+
e •* T(2S) ·» ïj^  X, b 
2 
е е or ц'ц 
Ιϊτ T(1S) 
ι.+.-._..... 
• For the masses, Mj, of the Xj: states we obtained 
М2 = (9915.8±1.6) MeV , 
Mj^  = (989О.8 ± 1.5) MeV . 
• Using the previously reported Crystal Ball inclusive measurement for Mg 
we have derived the center of gravity for the xr states 
D 
M
cog = (9901.1 ±1.2) MeV , 
and the fine structure splitting parameter г= (M2 - Mj)/(M^ - MQ) , 
г = 0.77± 0.09 . 
• Predictions for M by QCD-like potential models are in good agreement 
with our measurement. This indicates that the short range behaviour of the qq 
potential is well described by QCD. In fact the best result is obtained by 
the model of Gupta et al., who calculate the short range part of the 
potential up to fourth order QCD. The agreement of QCD-like models with 
experiment is generally better for bottomonium than for charmonium. The 
latter is not the case for other types of models. 
• A comparison of our experimental result for г with predictions from 
theory indicates that the long range confining force is of the effective 
scalar type. 
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• We have derived the product branching ratios 
BR(J,i) Ξ BR[T(2S) + TX¿]-BR[x¿-» TT(1S)]-BR[T(1S) *i*l~] 
and found them to be 
BR(2,i) = (1» .4±0.9±0.5) ·10" ί * . 
BR( l , i ) = ( 5 . 8 ± 0 . 9 ± 0 . 7 ) - 1 0 " i ' , 
BR(0,t) < 5-lCf5 . 
•Previously published results for BR[T(2S) •» Τ X¿] from the Crystal Ball 
inclusive analysis and the world-average for BR[T(1S) -» l+l~] can be used to 
obtain 
BR[xj:->irT(lS)] = (27±6±6)X , 
BR[xJ-»YT(lS)] = (Ъ2±(>±т , 
BR[X£-» TT(1S)] < 6% . 
• Using reliable theoretical estimates for the radiative widths of the 
Xr, the hadronic widths of these states are derived 
D 
г1іші[ф " (116 ±48) keV , 
rhad[x£] - (77 ±32) keV , 
rhad[*S] > 520 KeV . 
• Comparing these results to theoretical predictions from QCD we observe 
good agreement. This is in contrast to the case of charmonium where QCD 
predicts the hadronic widths Г^
а
^[х^] an order of magnitude too low. The 
explanation suggested by our experiment is that the discrepancy for 
charmonium is due to wave function distortions and/or relativistic 
corrections, which are either not correctly calculated or not correctly 
incorporated. Such corrections are expected to be much smaller in the case of 
bottomonium. 
• The general agreement of theory with experiment is good, in any case 
definitely better than in the case of charmonium. The hope that bottomonium 
would be an ideal testing ground for QCD has been proven not to be an idle 
one. 
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APPENDIX A 
Nal(TI) ENERGY RESPONSE FUNCTION 
The understanding of the energy response of the Nal(Tl) crystals in the 
detector is of crucial importance to our analysis. In Figure A-1 we plot the 
measured energy distribution for electrons in e+e~ •» e+e~ events taken at the 
T(2S) resonance. This distribution nicely shows the form of the detector's 
energy response to monochromatic electromagnetic particles. Particularly 
striking is the low energy tail, which clearly differentiates the 'Nal-line 
shape' from a gaussian distribution. 
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Figure A-1: Energy distribution for Bhabha electrons at the T(2S) 
energy. The solid curve represents a fit (X /NDF= 360/195) with a 
Nal-line shape leaving all parameters free (see text). The dashed curve 
represents the gaussian part of the fit function. 
This low energy tail is purely an effect of the Nal(Tl) scintillation 
material and can be simulated using Monte Carlo techniques which take into 
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account all electromagnetic processes occuring in the crystal (see Chapter 
7). 
We construct a (normalized) response function by using a gaussian for 
high energies down to a certain cut-off energy, and by letting a power tail 
take over from this cut-off energy onwards to accomodate the low energy 
behaviour. 
3(Ε-Ε0.σ,κ:,ν) = N o r m exp[-(E-E0)
2/2ff2] for Ε υ E 0 • 
= [ ] V for E S E
n
-
E Q - E - B Ü 
(A.l) 
where 
E = the observed energy, 
EQ = the real incident electromagnetic energy, 
σ = the energy resolution, 
κ,ν = the 'line-shape parameters' which describe the power tail, 
А,В = parameters that make the power tail and the gaussian 
join smoothly, 
N
orm
 = a
 normalization constant ensuring I S dE =1 . 
This functional form has been found to work well in all analyses of photon 
and electron energy spectra from the Crystal Ball detector (see e.g. 
[0regl80], [Gaise85], [Lee85]). In addition it was found that the all 
important energy resolution can be expressed as a simple function of the 
(real) energy 
σ = (0.027 ± 0.002) •EQ3/'* , (A.2) 
with both EQ and σ expressed in units of GeV. For example, the energy 
resolution for a photon of 100 MeV is (4.8 ±0.4) MeV, while the energy 
resolution for Bhabha electrons at the T(2S) resonance energy is (90 ±7) MeV 
(-2%). The solid line in Figure A-l represents a fit with the function 
F(E) =Ν·5(Ε-Ε0,σ,κ,ν) leaving EQ, σ, κ, ν and the amplitude N free. The 
results E Q = (5ΟΟ3 ±8) MeV and σ= (94 ± 3) MeV are in good agreement with 
(A.2). The low energy tail is more pronounced for higher energies making the 
line-shape parameters к and ν depend on energy. For the fit in Figure A-l we 
find 
K = 0 . 8 ± 0 . 1 and v = 2.8±0.5 · (A.3) 
- I52 -
A study of the line shape in 1r(2S) -> n*(lS)t л •» TT data yielded [Lee85] 
к = 1.2±0.2 and v = 5.4±1.0 , (A. H) 
indicating that for energies of the order 100 MeV the tail is less strongly 
present. In Chapter 6 we use the result (А-4) and find that the Nal-line 
shape form thus defined, excellently fits the photon energy spectrum from 
T(2S) -> ^X¿. 
о 
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APPENDIX В 
KINEMATIC FITTING AND ANGULAR RESOLUTION 
B.l The Fitting Procedure 
We use kinematic fitting to test events, that contain two photons and 
two leptons in the final state, for the hypothesis T(2S) ->TïZ+Jt~. Events with 
four particles in the final state are completely described by 4·4 = l6 
four-vector parameters. In the fit we use constraints that limit the number 
of free parameters. First of all we use the identification of each particle 
to fix its mass. We thus only need 12 free parameters XJJ, where i runs from 
1 through Ц indicating the particle considered, and j runs from 1 through 3 
indicating the energy (E), polar angle (Θ) and azimuthal angle (φ) 
respectively. Using the conservation of the four-vector 
(І) Μρς = I E, , 
(ii) 0 = 1 P i k k = x.y.z 
i 
we are left with 12-4 = 8 independent parameters. If we measure all 12 
parameters Х-м ι the number of degrees of freedom of the fit, NDF, equals 
12 - 8 = 4. 
The fit consists of finding (given the constraints) the set of x ^ that 
has the smallest deviation from the measured set X?J, using the measurement 
errors σ· • for each quantity as weights. To be more specific, defining 
χ
2
 Ξ Σ Σ (xfj-xTj) 2/^ • Σ ( V i Pik) + 4·Σ Ч · <в.2) 
the fit procedure finds the set х^- and the Lagrange multipliers A^ that 
. . . 2 
minimize X . 
Because of their minimum ionizing nature we cannot measure the energies 
of muons. In a muon event only 10 parameters are measured (NDF = 2) and thus 
only a two constraint (2C) fit is possible. In the electron channel all 12 
parameters are measured and we are in principle able to perform a 4C fit. 
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However, the Nal-line shape causes the energy distribution of electrons to be 
non-gaussian (see Figure A-1). In the fitting procedure on the other hand one 
always assumes a gausian distribution, and applying а 4С fit in the e-channel 
would result in a low confidence level for events with one or two electrons 
in the low energy tail. To prevent an unnecessary data loss (of about 15%) we 
treat the electron energies as unmeasured, and only perform a 2C fit, as we 
are forced to do in the u-channel. 
B.2 Resolution Of The Detector 
The measurement errors σ— are given by the detector resolution. The 
energy resolution for electrons and photons is given by Equation A-2. In 
principle, from the geometry of the Ball, the angular resolutions σ. and ση 
are related via 
σ
φ
 = а /зіп . (В.З) 
The зіп dependence originates from the fact that the azimuthal angle 
subtended by one crystal grows as θ •» 0 or θ·»η, making the resolution in φ 
worse as one approaches the tunnel regions. 
There is however one complication. Since we do not measure the vertex 
position for an event we assume it to be zero. In reality the finite DORIS-II 
bunch length (see Section 3-1) causes the z-vertex to be gaussianly 
distributed around zero. From Figure B-l it is clear that an offset in ζ 
results in a distortion of the θ measurement. Using the approximation that 
the z-vertex is zero, we thus measure a polar angle for a track, which is 
Figure B-l: The measured angle
 т
 of a particle differs from its 
original angle 9 t ^ due to a displaced z-vertex. 
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different from its real angle. The net result is that the θ resolution is 
worse than could be expected solely from the Ball's segmentation-geometry. 
The φ measurement, and thus σ0, is obviously not affected by the uncertainty 
in z. For this reason, a priori, we expect Equation B.3 not to hold for real 
data events whose z-vertex is unknown. 
We determine the angular resolutions by studying Monte Carlo events, 
properly taking into account all 'smearing' effects which result from 
tracking through the detector (see Chapter 7). For Monte Carlo events we are 
able to compare the measured
 ш
 and Ф
ш
 with the (known!) real
 г
 and Ф
г
 for 
each track. Although for Monte Carlo events the z-vertex is of course known, 
we treat it as if unknown, to ensure that the obtained θ resolution 
corresponds to reality. In Figure B-2 we plot ΑΘ = θ -
 ш
 for muons from the 
Monte Carlo cascade samples. 
320 ι 1 
280 - I 
-200 -150 -100 -50 0 50 100 150 200 
Q
r
-0
m
 (mrad) 
Figure B-2:
 г
~ 9
т
 (see text) for muons from the Monte Carlo cascade 
samples. The solid line represents a gaussian fit (X /NDF=91/97)· 
The solid line represents a fit with a gaussian and we obtain 
а
 ( Ц = (65 ±1) mrad . (B.l») 
The φ resolution is determined in the same way. To cancel out the sin9 
dependence of σ. we use the distribution for (Ф
г
-Ф
т
)'sinB and obtain 
σ
φ,ιι
 =
 (^ЗіШзіп mrad . (B.5) 
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Comparing the results (B.1*) and (B.5) we note that, as expected from the fact 
that the z-vertex is unkown. Equation B.3 does not hold. 
We can easily determine the decrease in θ resolution resulting from the 
spread in the z-vertex. For each Monte Carlo track we correct Ъ
т
 for the 
displaced z-vertex and this results in 
<т
 ?и = (i,5± 1) mrad · ( Β · 6 ) 
The value (B.6) corresponds to the best possible θ resolution in the Ball for 
muons, which we would only be able to reach if the DORIS-II bunches would be 
infinitely small or if we would know the position of the z-vertex exactly. 
Note that this value is in good agreement with the result for σ 4 (Equation 
B.5) and we conclude that, if we would know the z-vertex exactly. Equation 
B.3 would indeed hold. 
Muons are non-showering and usually deposit their energy in only one 
crystal (see Section 3·3)· Thus the measured direction of a muon is at best 
given by the center of the crystal entered by the muon, and the resolutions 
(Β.Ή6) directly result from the limited number of crystals. The situation 
is, however, quite different for showering particles (photons and electrons). 
The most important limitation for the angular resolution still follows from 
the number of crystals, but we can determine the direction of a shower much 
more precisely than the direction of a minimum ionizing muon. Using the 
energy depositions in the neighbouring crystals, we can determine the 
deviation of the direction of the shower from the center of the central 
crystal. How well this can be done depends on the total energy of the shower; 
the 'center of gravity' of a shower gets better defined as its energy 
increases. 
To study Œg and σ* as a function of the shower energy, samples of 
showers with random φ and θ were generated with energies ranging from 25 MeV 
to 5000 MeV and with |сог | S 0.8 (the latter condition to stay away from the 
tunnel regions). Each sample consisted of 10,000 events, and each event 
contained one shower. The finite bunch length (of 2.5 cm) was taken into 
account by generating a gaussianly distributed z-vertex, and possible 
negative effects on the resolutions from spurious energy depositions were 
simulated by merging each event with a DBM-event (see Section 7.2.2). In 
Figure B-3 we plot the results for OQ and σ^ as a function of logE. Linear 
interpolations on this figure are applied to derive the ag(E) and ff.(E) 
entered in the kinematic fit. We also plot af obtained by correcting θ for 
the z-vertex; again the effect of the uncertainty in the position of the 
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z-vertex on the θ resolution is clearly demonstrated. Note again the 
agreement between σ^ and а.-зіп , as predicted by Equation B.3. The figure 
nicely shows how the center of gravity of a shower can be determined more 
precisely as the shower energy increases. For low energies ( S 25 MeV), 
showers are only weakly defined and indeed, in the low energy limit, the 
resolutions agree with the corresponding resolutions found for muons 
(Equations B.4-6). The curves in Figure B-3 represent smooth lines to guide 
the eye. 
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Figure B-3: The resolutions σ
θ
, σ£ and a.-sinG (see text) for 
electromagnetically showering particles, as a function of the shower 
energy E. 
B.3 Fit Behaviour And Monte Carlo Checks 
We can now check how well the fit behaves using the resolutions 
determined in the previous Section. 
Using a correct set of resolutions we expect the distribution of 
confidence levels from fits on events, corresponding to the fit hypothesis, 
to be flat. As an example we show in Figure B-4 such a distribution for Monte 
Carlo e-cascades. These Monte Carlo events were first subjected to all the 
cuts of the selection procedure (except of course for the kinematic fit 
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itself) to ensure that each event meets the fit hypothesis. We observe this 
distribution to be flat indeed, with the exception of the relatively high 
first bin. This bin corresponds to confidence levels of £ 1%. A hand-scan of 
these low confidence events reveals, in almost all cases, a photon which has 
too low an energy, either because it was close to one of the gaps or because 
its energy was in the low energy tail of the Nal-line shape (the fit assumes 
the energy of the photons to be gaussianly distributed). In Figures 5.7a,b we 
showed the confidence level distributions for real T(2S) •» YYi l~ events. Also 
these are found to be flat, again indicating that the angular resolutions 
obtained above (and used in fitting these events) are correct. 
ί\0 
•*-> 
С 
О) 
> 
04 06 
Confidence Level 
Figure B-4: Confidence level distribution for the kinematic fit to the 
hypothesis T(2S) + YTJt+X~, on Monte Carlo e-cascades. 
A more elegant (and more informative) approach to check whether the fit 
behaves well, is to analyze the behaviour of each parameter Ε, β and Φ 
separately, by studying distributions of the so-called fit-pulls. For each 
parameter x^j the pull S-· is defined as 
sij = (*irx?J)/<TiJ · ( Β · 8 ) 
Assuming the fitting variables to be independent, the S ij (for fits of events 
that correspond to the fit hypothesis), should be distributed as gaussians 
with zero mean and, if the CTJJ are correct, with a width equal to one. In 
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Figure B-5 we show, as an example, the distribution of the φ-pulls for 
photons from Monte Carlo as well as data events. We found that all such 
pull-distributions have widths within 1.0 ±0.1. We conclude that not only the 
fitting procedure behaves as expected, but that also the detector resolutions 
obtained by the Monte Carlo simulation correspond to reality. 
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Figure B-5: Distributions of the φ-pulls for the photons in the 
kinematic fit to the hypothesis T(2S) -» ТТЛ**"; a) from Monte Carlo 
cascades and b) from real cascades. The solid lines represent gaussian 
fits (Χ2/ΝΟΡ = ί»5/47 for the Monte Carlo data and )t2/NDF = 40/47 for the 
real data). 
- 161 -

APPENDIX С 
THE CHANNEL T(2S) -> nT(lS) 
Considerable excitement occurred when in charmonium physics a much 
larger rate than expected was recorded for the η transition, 
BR[i(r(2S) -» n+(lS) ] * 2% (for a summary of the experimental situation see e.g. 
[Bloom83]). 
This process should be heavily suppressed because, in addition to the 
OZI-rule , the P-wave nature of the decay and the small amount of energy 
released (p is only » I96 MeV) strongly reduce the phase-space factor. On 
top of that, the л is almost purely SU(3) octet, while the transition must 
proceed via the singlet component; writing 
и = cose no + sineл^ , (C.l) 
the process is proportional to (зіп ) а0.03 [РОВоок ^ ] , resulting in an 
extra suppression factor of about 30. The problem is stated most succinctly 
by the observation that BR[t(2S) + n*(lS) ]/BR[*(2S) •> ппЧг(15) ] is as large as 
'tji, simultaneously realizing that, except for the OZI rule, none of the 
suppression factors mentioned above apply to the tin transition (it proceeds 
via S-wave, has much larger phase space and is SU(3) allowed). 
Several theoretical models have been proposed to explain this problem. 
We will not discuss them in detail but only mention a few: A possible cc 
component in η [НагагУб], the strong coupling of the л to two gluons 
[Goldb80],[Volos80] and n-n-n' mixing [Langa80]. A measurement of the 
corresponding transition in bottomonium clearly is of major importance. 
In our cascade analysis we use a set of cuts optimized to select events 
of the type T(2S) + YTT(IS), T(1S)A+Jt". Such a selection would also find 
events of the type 
T(2S) +лТ(13), T(1S) *l*l~ , (C.2) 
1
 See [ОкиЬобЗ], [Zweig64] and [Iizuk66]. 
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if subsequently л •» ТТ. 
Taking the measured BR[ + (2S) -» Л * ( 1 5 ) ] as an estimate for the strength of 
process (C.2) and using BR[n •» TT] » h0% [РВВоок84], we note from Equations 
8.11 that the rate for the π transition appears to be about a factor of two 
down, compared to a cascade transition. Indeed, from a Monte Carlo simulation 
of 10,000 events of the type (C.2), taking into account all known decays of 
the n, we find the detection efficiencies с (fri*l~) for the process (C.2) to 
be' 
ε
η
(ΤΤβ+β") = 0.12 ±0.02 , (С.За) 
е
л
(ТТц ) = 0.13 ±0.02 . (С.3b) 
These values are about half the corresponding efficiencies for the cascade 
channels (see Table 7"3)· We thus estimate that, if the transition would be 
as strong as in the charmonium system, we should observe 20-25 η transitions 
in our sample of T(2S) •» TTT(IS) events. 
In Figure C-l we show the distributions for Μγγ and for Εγ^ as 
obtained from a Monte Carlo simulation of process (C.2), and compare it with 
the corresponding distributions observed in our final sample of 100 
T(2S) ·» TTT(IS) events. Note from the Monte Carlo distribution of E T l o w that 
the minimal photon energy from the decay η * TT is * 200 MeV, well 'away' from 
the cascade lines2; in fact using N¿5=10023 MeV, M l s=9460 MeV and 
Μη = 549 MeV we obtain p,, * 123 MeV, and 8
Ά
 " Ρη/Μη * 0.224. This yields a 
minimum photon energy 
ETmin = Λ| Γ Γ Ϊ ; " І Л * 2 1 9 M e V · ( c - 4 ) 
The fact that in the Monte Carlo distribution we observe photons with 
ETlow < ETmin r e s u l t s from the low energy tail of the Nal-line shape. 
From the Monte Carlo simulation we found that events with other than the 2T 
decay mode of the n (in particular the important n-» 3" and n •» π+π~π ), do 
not pass the selection; naively one might conclude from this that the 
cascade event selection most probably does not represent the optimal set of 
cuts to search for the л transition. Studies of the above 'n-channels' 
indicate however, that they suffer from rather low detection efficiencies 
[Lurz86]. 
For this reason the л transition does not have to be considered as a 
background to the cascades (see Section 8.4). 
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Figure Ç^l: Comparison of the E T l o w- and Μγγ-distributions from the 
observed sample of T(2S) -> TTT(IS) events, with the corresponding 
distributions obtained from a Monte Carlo simulation of process (C.2). 
In the real data, five events are observed in the kinematically allowed 
ETlow~ bR^ Μγγ-regions of process (C.2); these five 'n-candidates* are 
indicated by dashed squares. 
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Among our events of the type T(2S) -> YTT(IS) we observe five events in 
the kinematically allowed region for η decay. One can doubt however that this 
rather small signal is real and, in fact we thus observe some background 
process (possibly double radiative Bhabhas) [Lurz86]. For this reason we 
prefer to only calculate an upper limit for the number of observed η 
transitions, N . We have not performed a detailed study of the background 
processes in the region 200 MeV S Εγ-, S 300 MeV, and therefore assume the 
'worst possible' situation, i.e. that all of these five events are indeed л 
transitions. We obtain 
Νη < 9-6 (905! CL.) . (С.5) 
Using Ν
Γ
 = (201±16)·10^ (see Section 4.4) and the efficiencies (C.3) 
we calculate 
BR[T(2S) ->nT(lS)] < 0.1% (30% C.L.) . (C.6) 
where we have divided out BR[T(1S) ·> 1*Γ] = 0.028 ± 0.003 [РОВоокв*»]. 
In conclusion, we do not see a clear indication for an n transition and 
any possible signal (if real) appears to be at least a factor of three 
smaller than for the corresponding charmonium transition. 
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APPENDIX D 
THE CHANNEL T(2S) •> TX¿. X^-»TT(1S). T(1S) •> τ*τ" 
In our search for exclusive events of the type T(2S) •* ^^І> XL + TT(1S) we 
look for the T(1S) decay modes T(1S) •» e+e~ and T(1S) + ц +ц _; both these modes 
leave a clear 'signature' in our detector. There is a third leptonic Τ(IS) 
decay mode, T(1S) -»τ τ - , which we did not attempt to use since it usually 
results in a final state of hadrons which, contrary to photons electrons and 
muons, are difficult to identify in the Crystal Ball detector. 
An interesting possibility however to detect a τ + τ - pair is provided by 
the leptonic decay modes of the tau, τ+evv and τ+μνν. In particular the 
mode where one of the tau's decays to a muon while the other decays to an 
electron, i.e. 
T(2S) -> T 1 X b 
-, TÍ1S) 
(D.l) 
I T 2 T(1S) 
e u vvvv 
leaves in the detector a final state TTeu, which is both easy to identify and 
has a unique (i.e. background free) signature. 
Let us estimate how many events we can expect of the type (D.l). In 
Section 4.3 we have described the pre-selection for cascades. This selection 
is necessary to reduce the approximately 35*10 events to a manageable 
sample. The cuts used in this pre-selection are very 'soft' and do not 
interfere with the 'real' selection cuts described in Chapter 5· One of these 
soft cuts in the pre-selection is the total energy cut (Equation 4.6) which 
is 'transparant' to cascades in the e- and u-channels. This particular cut 
however eliminates practically all ТТце cascades: The two photons contribute 
5ОО-6ОО MeV, the minimum ionizing muon about 200 MeV, while the electron 
energy is practically always higher than 1000 MeV (see Figure A-l). To find 
these TTeu events, one therefore has to perform a special pre-selection on 
the T(2S) sample with a modified total energy cut. 
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Until now only about one third of the total T(2S) sample could be 
subjected to this special ТТец pre-selection. How many τ-cascade events can 
we expect in this sample? In the total T(2S) sample we ended up with 100 
cascade candidates, roughly equally divided between the e- and u-channels. 
Assuming lepton universality, and taking into account the fact that we 
searched through only ^0% of the total luminosity sample, we would expect 
about 50-0.30=15 events of the type T(2S) -> TXj*, X^->ïT(lS), T(1S)-» τ+τ", at 
least if the detecting efficiency for the τ-channel would be comparable to 
the e- and u-channels. 
The τ has approximately a 17% probability to decay to evv while the 
branching ratio to uvv is observed to be about equal [РПВоок84]. The expected 
number of events with final state TTeu is therefore reduced by a factor .06 . 
In total we thus can expect roughly 15·0.06=1 event. 
RUN: ιοβ32 EVENT: 3028 DRTE: 25-О -8З TIME: 7 H MET 
Figure D-l: Flatty of candidate event of the type Τ(28)+ΥΧ: 
X^ + TTdS), T(1S) -> τ+τ". 
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We use the same selection program described in detail in Chapter 5. now 
to look for TTeu final states, except that instead of requiring two electrons 
or two muons we now require one electron and one muon. We also have to leave 
out the kinematic fit, because the momentum carried off by the undetected 
neutrinos makes the energy-momentum constraints useless. 
Applying the selection cuts to the total sample of events on the T(2S) 
resonance results indeed in one surviving event! A flatty of this event is 
shown in Figure D-l. The mass difference Mpc - M (see Section 5·3·2) is 
found to be 58Ο.Ο MeV and the energy of the low energetic photon is measured 
to be ІО9.3 MeV, right at the Xj: peak (Figure 6-1). This strongly suggests 
that the event is of the type T(2S) -> TX?, X^TT(IS), T(1S) ->τ+τ". 
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SUMMARY 
A STUDY OF THE X. STATES 
IN EXCLUSIVE RADIATIVE DECAY OF THE T(2S) 
In this thesis the X. particles are studied. These particles are excited 
states of the Τ(IS), the ground-state of a bound bottom quark-antiquark 
system. Bottomonium states are heavy compared to states consististlng of 
other quarks (like e.g. charmonium) and therefore less relativistic. Thus ЬБ 
wave functions are much less disturbed by difficultly calculable relativistic 
effects. This allows for a 'cleaner' study of the quark-antiquark (qq) 
potential. The qq interaction is described by quantum chromodynamics (QCD). 
This theory predicts several characteristics of the X, states which can be 
D 
compared to experimental results. 
It has not yet been possible to calculate the qq potential from first 
principles, and for the time being one has to depend on models. Sometimes 
potential models are postulated completely ad-hoc; frequently however, these 
models are based on suggestions borrowed from QCD about the short-, 
respectively long-range (asymptotic) behaviour of the potential. The 
different models choose from a range of approaches within the limits imposed 
by theory, and arrive at varying predictions for the masses of the X. states. 
Accurate X. mass determinations are an important goal of this experiment. 
QCD perturbation theory makes clear predictions for the annihilation of 
the X. states into gluons. This gluonic annihilation is measured by the 
hadronic widths of the X, , Г^
 d[x, ], and the latter have been calculated up 
to first order QCD. A measurement of these widths provides a sensitive test 
of the theory. One of the main aims of this thesis is to derive these 
hadronic widths and to compare them to the QCD calculations. 
In our experiment we use the e*e~ storage ring DORIS-II at the DESY 
Institute in Hamburg. In a storage ring we can produce ( LJPC ^1 ) ^ 
particles, like the T(2S) state, by annihilation of electrons and positrons 
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after they are accelerated to the energy needed for creation of the state. 
The X. particles can then be produced by the radiative decay T(2S) •» TX, . In a 
study of the latter reaction three different Xj; states (with spin J = 0,1,2) 
are observed, in accordance with theory. In this thesis we study the Xr 
states in reactions of the type 
e
+
e" •> T(2S) •» Tj^  X b 
'2 I To T(1S) 
е е or u u 
These reactions are called 'cascades' (for obvious reasons) and, since all 
final state particles (two photons and two leptons) are observed and 
identified, these processes are also said to be 'exclusive' reactions. 
By studying events of the above type we can derive several 
characteristics of the X¿ states. From an accurate measurement of the energy 
b 
of the photon T« we can calculate the XJ: mass. Furthermore, by analyzing the 
singular correlations of the photons T^ and Tp we can derive the XJ: spin, J. 
Finally from a measurement of the reaction rate (or branching ratio) we 
obtain information on the radiative decay of the T(2S) and XJ: particles. Note 
that in fact the branching ratio (BR) involved is given by the product of 
branching ratios for the subsequent decays 
BR(J,Jl) Ξ BR[T(2S) -•T1X¿, X¿->T2T(1S), Tils) -> l+l~] 
= BR[T(2S) •» T^j*] ·ΒΗ[χ^ -» T2T(1S) ] ·ΒΗ[τ(15) ·• *+Jt"] . 
In this thesis it is shown how one can derive the hadronic widths of the Xr 
D 
states, from a measurement of the BR(J,Jt). 
For the observation of the cascades we need a detector that is well 
capable to identify photons, electrons and electrons. In addition, the energy 
of photons must be accurately measured. In our experiment we use the 'Crystal 
Ball', a detector which meets these requirements in an excellent way. The 
main component consists of a shell of about 700 Nal crystals. When particles 
travel through a Nal crystal, light is emitted (along their path) which is 
measured by a photo-multiplier at the rear-end of the crystal. As the 
crystals are optically isolated it is relatively easy to determine the 
directions in which particles have emerged. We can distinguish and identify 
different kind of particles by their differences in interacting with a Nal 
crystal. Electrons and photons produce a broad shower of again 
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electromagnetically showering particles (causing the emission of more light), 
while muons show up as minimum ionizing particles loosing only a relatively 
small amount of their energy in the form of light. 
In the period from November 1982 through Februari 1984 in total about 35 
million events were recorded. To extract the cascade events from this large 
data sample, we developed a set of selection cuts which are applied to each 
event. These cuts are based on the topology of the cascade reaction. For 
example, we require exactly two photons and two leptons in the final state 
and the invariant mass of the leptons to be close to the mass of the Τ(IS). 
Apart from such topology cuts events have to pass several 'cleanliness' cuts. 
For example, the final state particles have to be sufficiently well separated 
in space to ensure a precise energy measurement of in particular the photons. 
We find exactly 100 events which pass all cuts; 42 events are found in 
the u u~- and 58 in the e+e~-channel. The TN energy spectrum of these 100 
cascades shows two peaks, whose form is consistent with the expected energy 
response for mono-chromatic photon lines in Nal. It is shown that the two 
2 1 
peaks correspond to radiative decay of the T(2S) via the ΧΓ" and the Xj: 
respectively. From the position of the T« photon lines we calculate the 
masses 
M[ xb] = (9915.8± 1.6) MeV , 
м[х£] = (9890.8± 1.5) MeV . 
The errors are calculated by adding the statistical and systematic errors in 
quadrature. The results are in agreement with previously published values. In 
our analysis no evidence is found for the third X? state. This finding is, 
b 
however, in agreement with the QCD calculations which predict for the xr a 
D 
much stronger hadronic decay (and consequently a much weaker radiative decay) 
than for the X? and X¿. 
τ In comparing our experimental results for the М[х^] with predictions by 
several potential models it appears that the best agreement is found for 
models which base their asymptotic behaviour on QCD and assume the long range 
confining interaction to be effectively of the scalar type. The model of 
Gupta et al. agrees best with our experiment. 
Before we can actually calculate the branching ratios BR(J,i) from the 
number of observed events, we must correct for the detection inefficiencies 
originating from the trigger system and from the limited resolution of the 
detector. In addition also the selection cuts unavoidably introduce some 
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inefficiency. Combining all effects we find, averaged over the different 
J-channels, a detection efficiency of about 20%. After correction for this 
efficiency we determine the branching ratios 
BR(2,i) = (Ι\Λ± 1.0)·10"/* , 
BR(l.í) = (5.8± 1.1) •10"'* , 
BR(O.i) < 5-10"5 (905! C.L.) . 
Again the errors are obtained by quadratic combination of the statistical and 
systematic errors. 
We can combine the branching ratios BR[T(2S) + Tïjl], obtained in a 
different analysis of the Crystal Ball experiment, with the BR(J,i) and the 
world-average for BR[T(1S) ·» i+i"], to derive values for BRj Ξ BRfxjJ + TT(1S) ]. 
We obtain 
BR 2 = (27 ± 8 ) * . 
BR1 = (32 ±9)5! . 
BR 0 < 65! (905! C.L.) . 
The fact that we did not observe the X^ in the exclusive reactions is now 
b 
reformulated as an upper limit for the radiative decay of the X^. 
Finally, we can translate the BRj to hadronic widths for the Xj[. To 
achieve this we use reliable theoretical predictions for the radiative widths 
of the X^. We derive 
D 
•hadt*?! * (ll6±1*8) keV . 
•"hadKl B <77 ±32) keV , 
rhad[xbl > 5 2 0 k e V {Э0% C-L-) · 
These results are in good agreement with the corresponding QCD predictions. 
This is remarkable since in the case of charmonium the QCD predictions for 
the fhadf^c^ a r e cons;'-(ïerably lower, than experimentally observed. The fact 
that the predictions for bottomonium are correct, indicates that the origin 
of the QCD failure in predicting the fhad^cl is not ^ue to a fundamental 
error in QCD. Much more likely, the disagreement is caused by not yet 
incorporated Xi wave function distortions and/or relativistic corrections, 
which are (as expected) much smaller in the case of the XJl. 
SAMENVATTING 
EEN STUDIE VAN DE X TOESTANDEN 
IN EXCLUSIEF STRALINGSVERVAL VAN DE T(2S) 
In dit proefschrift worden de X. deeltjes bestudeerd. Deze deeltjes zijn 
aangeslagen toestanden van de Τ(IS), de grondtoestand van een gebonden bottom 
quark-antiquark systeem. Dergelijke bB ('bottomonium') deeltjes zijn zwaar in 
vergelijking met deeltjes die uit andere quarks bestaan, zoals cc 
('charmonium'), en daardoor veel minder relativistisch. De golffunkties van 
bottomonium toestanden worden dan ook nauwelijks gestoord door moeilijk te 
berekenen relativistische effekten. Dit maakt het mogelijk om binnen ЬБ 
systemen de wisselwerking tussen twee quarks in een relatief pure vorm te 
bestuderen. Deze wisselwerking wordt beschreven door de quantum 
chromodynamika (QCD). Door QCD worden verschillende eigenschappen van de X, 
deeltjes voorspeld welke in dit proefschrift vergeleken worden met 
experimentele resultaten. 
Binnen QCD is het nog niet mogelijk de qq potentiaal op een fundamentele 
manier te berekenen en men is genoodzaakt modellen te gebruiken. Soms worden 
dergelijke potentiaal modellen volkomen ad-hoc gepostuleerd; meestal echter 
worden ze gebaseerd op suggesties ontleend aan het door QCD voorspelde 
potentiaal gedrag voor г •» 0 en г •» ·. De afzonderlijke modellen kiezen uit 
verschillende varianten en komen zo ieder voor zich tot een voorspelling voor 
de massa's van de X. toestanden. Een nauwkeurige meting van deze massa's is 
een belangrijk doel van dit experiment. 
Binnen het kader van QCD storingsrekening worden er eenduidige 
voorspellingen gedaan m.b.t. de ЬБ annihilatie van X. deeltjes in gluonen. De 
hadronische breedtes van de X. toestanden rhadfXh] ν ο Γ Π 1 β η ^ е maat voor deze 
annihilatie en zijn berekend tot op het niveau van eerste-orde QCD. Het meten 
van deze breedtes betekent een rigoreuze test van de theorie. Een van de 
doelstellingen van dit proefschrift is dan ook de hadronische breedtes af te 
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leiden en de resultaten te vergelijken met de QCD berekeningen. 
In ons experiment maken we gebruik van de e e~ opslagring DORIS-II van 
het laboratorium DESY in Hamburg. In een opslagring kunnen we 
( LjpQ = ^ Sj^ ) bB deeltjes, zoals de T(2S) toestand, produceren door 
elektronen en positronen te laten botsen, nadat ze tot de energie versneld 
zijn nodig om de toestand te creëren. De X, deeltjes kunnen dan worden 
geproduceerd via de reaktie T(2S) •» YXb· Door een studie van dit 
produktieproces zijn, in overeenstemming met theoretische voorspellingen, 
drie verschillende xr toestanden (met respektievelijk spin J=0,1,2) ontdekt. 
b
 τ 
In dit proefschrift worden de )С deeltjes bestudeerd in reakties van het 
type 
e
+
e + T(2S) -> "l^  Xj* 
ІТр T(1S) 
of u+u~ 
Deze reakties worden, om voor de hand liggende redenen, 'cascade reakties' 
genoemd en omdat alle deeltjes in de eindtoestand (twee fotonen en twee 
leptonen), ook daadwerkelijk worden geobserveerd en geïdentificeerd, spreekt 
men ook van 'exclusieve reakties'. 
Door de bestudering van bovenstaand proces kunnen we verschillende 
eigenschappen van de XJ: deeltjes te weten komen. Zo kunnen we, door een 
nauwkeurige meting van de energie van het foton Yj, de XJ: massa bepalen; 
immers, de energie van dit foton geeft de relatieve positie van de XJ: t.o.v. 
de (bekende!) positie van de T(2S). Uit de hoekverdelingen van de twee 
fotonen У л en ïp kunnen we vervolgens de XJ: spin J afleiden. Tenslotte 
verschaft de meting van de relatieve sterkte van het proces t.o.v. 
andersoortige reakties (de 'vertakkingsverhouding') ons Informatie over het 
stralingsverval van de T(2S) en X¿ deeltjes. Merk op dat de 
vertakkingsverhouding ('BR') van het betrokken proces in feite gegeven wordt 
door het produkt van de vertakkingsverhoudingen van de afzonderlijke 
vervalsreakties 
BR(J,Jt) = BR[T(2S) +T1X¿. X¿->Y2T(1S), T(1S) -> Í+Jt-] 
= BR[T(2S) -» Y1X¿]-BR[X¿->T2T(1S)]-BR[T(1S) -»І+А"] . 
In dit proefschrift wordt aangetoond hoe we, via een meting van de BR(J,i), 
de hadronische breedtes van de f? kunnen afleiden. 
D 
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Het is duidelijk dat we voor een goede waarneming van de cascade 
reakties een detektor nodig hebben die allereerst goed in staat moet zijn 
fotonen, elektronen en muonen te identificeren. Bovendien moet ook de energie 
van fotonen nauwkeurig kunnen worden gemeten. Voor ons experiment gebruiken 
we de 'Crystal Ball', een detektor die uitstekend aan deze eisen voldoet. De 
detektor bestaat in hoofdzaak uit een bol van Nal-kristallen met een doorsnee 
van ongeveer anderhalve meter. In plaats van één groot kristal te gebruiken, 
is de bol gesegmenteerd in ongeveer 700 afzonderlijke kristallen. Als 
deeltjes door zo'η Nal-kristal trekken geven ze licht af, wat gemeten wordt 
door een foto-multiplikator opgesteld aan het eind van het kristal. Omdat de 
kristallen optisch gescheiden zijn kunnen we relatief eenvoudig nagaan door 
welk kristal een deeltje is gegaan. Verschillende soorten deeltjes geven op 
een verschillende manier licht af; zo produceren fotonen of elektronen in Nal 
een brede 'shower' van sekondaire deeltjes (die ieder weer licht afgeven), 
terwijl muonen veel minder interakties in een kristal aangaan en in totaal 
maar relatief weinig licht afgeven. We kunnen hiervan gebruik maken om 
krlteria op te stellen, die het mogelijk maken de verschillende soorten 
deeltjes te differentiëren en te identificeren. 
In de periode van november 1982 tot en met februari 1984 werden er in 
totaal zo'η 35 miljoen e e reakties geregistreerd. Om in deze grote 
hoeveelheid reakties het naar verwachting kleine signaal van de cascade 
reakties te detekteren, ontwikkelden we een reeks van krlteria waaraan de 
reakties stuk voor stuk worden getoetst. Deze selektiekriteria zijn gebaseerd 
op de reaktie-topologie van de cascade reaktie. Zo moeten er b.v. precies 
twee photonen en twee leptonen in de eindtoestand van de reaktie worden 
aangetroffen en moet de invariante massa van de leptonen ongeveer gelijk zijn 
aan de massa van de Τ(IS). Bovendien moeten de reakties nog aan enkele 
'schoonheidskriteria' voldoen; de vier deeltjes in de eindtoestand moeten 
b.v. voldoende in de ruimte gescheiden zijn om een nauwkeurige 
energiebepaling van met паше de fotonen te waarborgen. 
Uiteindelijk blijken precies 100 reakties aan alle voorwaarden te 
voldoen; hiervan observeren we er 42 in het μ μ~ kanaal en 58 in het e e 
kanaal. Het J-, energiespektrum van deze 100 cascade reakties toont twee 
pieken; van beide komt de vorm overeen met de energie-respons die we van Nal 
kristallen verwachten voor een mono-chromatische fotonlijn. In dit 
proefschrift wordt aangetoond dat de twee pieken korresponderen met 
2 1 
stralingsverval van de T(2S) via respektievelijk de Xf" en X^. Uit de positie 
van de Tj-fotonlijnen berekenen we de massa's 
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M[*j;] = (9915.8 ± 1.6) MeV , 
M[x¿] = (9890.81 1.5) MeV . 
De opgegeven fouten zijn berekend door de statistische en sytematische fouten 
kwadratisch op te tellen. Deze resultaten zijn in overeenstemming met eerder 
gepubliceerde waarden. We vinden in onze analyse geen aanwijzing voor de 
derde Xr' toestand. Dit laatste is echter in overeenstemming met QCD 
berekeningen welke voor de xH een veel sterker hadronische verval (en dus een 
2 1 
veel zwakker s trai ings verval) voorspellen dan voor de Xr" en Xr· 
Als we de experimentele resultaten voor de Mfxj"] vergelijken met de 
voorspellingen van diverse potentiaal modellen, dan blijkt dat de beste 
resultaten worden geboekt door modellen die zich qua asymptotisch gedrag 
baseren op QCD en daarbij effektief een skalair karakter aannemen voor de 
lange dracht potentiaal. Het model van Gupta et al. vertoont de beste 
overeenstemming met onze experimentele resultaten. 
Alvorens we de vertakkingsverhoudingen BR{J,X) kunnen berekenen uit het 
aantal geobserveerde reakties moeten we voor ieder J-kanaal afzonderlijk 
korrigeren voor inefficiënties die ontstaan door het triggersysteem en de 
beperkte resolutie van de detektor. Onontkoombaar introduceren ook de 
selektiekriteria een zekere inefficiëntie. Als we alle effekten bij elkaar 
nemen vinden we voor de verschillende J-kanalen van de cascade reakties 
gemiddeld een detektie-efficientie van ongeveer 20%. 
Na korrektie voor de detektie-efficienties vinden we de 
vertakkingsverhoudingen 
-4 BR(2,Jt) = (4.4 ± 1.0)-10" 
BR(l,i) = (5.8± L I ) · Ю " 4 , 
BR(0,i) < 5-10-5 (90* CL.) 
De fouten zijn weer berekend door de statistische en systematische effekten 
kwadratisch op te tellen. 
We kunnen nu de BR[T(2S) •» ТхЛ, verkregen door middel van een andere 
analyse binnen het Crystal Ball experiment, kombineren met de bovengevonden 
BR(J,jt) en het 'wereld-gemiddelde' voor BR[T(1S) •» t*t~], om waarden voor de 
BRjiBR[x^-> TT(1S)] af te leiden. We vinden 
BR 2 = {27 ±8)% . 
BI»! = (32±9)X , 
BR 0 < 6% O0% CL.) . 
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Het feit dat we de tr niet in de exclusieve reakties waarnemen, is nu 
D 
geherformuleerd als een bovengrens voor de sterkte van het stralingsverval 
van de xr. 
o 
Tenslotte kunnen we deze vertakkingsverhoudingen voor het 
stralingsverval van de Xr vertalen naar hadronische breedtes voor de X¿. 
D D 
Hierbij maken we gebruik van betrouwbare theoretische schattingen voor de 
stralingsbreedtes van de Xj:. We leiden dan af 
г
ЪааІ*ъ\ - ("б ±t8) keV , 
rhadK] = (77 ±32) keV . 
rhad[x9 > 520 keV (90% CL.) . 
Deze resultaten blijken in overeenstemming te zijn met de korresponderende 
QCD voorspellingen. Dit is opmerkelijk daar in het geval van charmonium de 
voorspellingen van QCD voor de ^„¿[ΧΙ] beduidend lager liggen dan de 
experimentele resultaten. Het feit dat nu voor bottomonium de voorspellingen 
wèl korrekt zijn, geeft aan dat de oorzaak van het falen van QCD voor de 
ΓΥ j[x¿] niet gezocht moet worden in een fundamentele fout binnen de QCD 
berekeningen zelf. Veeleer ligt het voor de hand te denken aan golffunktie 
verstoringen en/of relativistische korrekties voor de X¿, die (zoals 
verwacht) veel kleiner blijken voor de xH. 
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STELLINGEN 
I 
Het door Martin voorgestelde asymptotisch gedrag van de potentiaal voor 
kleine afstanden tussen twee quarks is onjuist. 
A. Martin, 
Phys. Lett. 100B, 51I (I98I). 
II 
De meting van de vertakkingsverhouding T(2S) •» TIT(IS) zoals uitgevoerd door 
Fonseca et al. is onjuist. 
V. Fonseca et al., 
Nucl. Phys. Β242, 31 (1984). 
Ill 
De door Klopfenstein et al. gemeten massa van het K^ deeltje is onjuist. 
C. Klopfenstein et al., 
Phys. Rev. Lett. 51. I60 (І98З). 
IV 
De binnen de CERN-LEP3 collaboratie nagestreefde resolutie voor fotonen in 
het 100 MeV gebied, is gebaseerd op een te optimistische taxatie van de 
meetbare fysika in het energiegebied van de LEP e+e~ opslagring. 
Letter Of Intent, 
CERN-LEP3 Experiment. 
V 
De wellicht in de toekomst noodzakelijke financiële steun vanuit het 
bedrijfsleven aan het wetenschappelijk onderwijs zal met lede ogen moeten 
worden aanvaard. 
VI 
Het is niet ondenkbaar dat in de toekomst de vermelding van de akademische 
titel 'Dr.' aangevuld moet worden met het jaar waarin de graad is behaald. 
VII 
Uit het gezondheids-imago van sinaasappelsap mag niet gekonkludeerd worden 
dat dit vruchtensap beter is voor 'de lijn' dan cola. 
VIII 
De ontwikkeling van commerciële digitale geluidsopname-apparatuur zal een 
negatief effekt hebben op de kwaliteit van de populaire muziek. 
IX 
Het door de P.T.T. gevoerde legitimatieplicht-beleid is niet consequent. 
X 
Het feit dat veel fabrikanten computers van IBM namaken mag niet uitgelegd 
worden als dat IBM de beste computers ontwikkelt. 
XI 
Het voordeel dat het automatische 'logoff' systeem 'SPIRIT' (VAX) biedt aan 
de gebruiker t.a.v. de bescherming van zijn account tegen misbruik door 
derden, weegt niet op tegen de irritatie welke dat systeem bij de gebruiker 
opwekt. 
XII 
Aan het bericht 'tape niet aanwezig op zaal' mag, indien dit afkomstig is van 
het Universitair Rekencentrum te Nijmegen, In het algemeen geen geloof worden 
gehecht. 
Wim Walk 
Bisschop Bekkerslaan 24 
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